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ABSTRACT 
One of the greatest challenges for our modern society is developing efficient and low-
cost electrochemical energy storage and conversion systems for stationary and transportation 
applications. Understanding the detailed electrochemical mechanisms in energy-related materials 
with new designs and modification methods will help us break the ceiling of current existing 
systems. The goal of my Ph.D. is to combine the power of versatile electrochemistry techniques 
and materials with diversified architecture, and explore various mechanisms of different nano-
structured energy storage and conversion materials. 
The first part of this dissertation explores the application of ultra-thin graphene as an 
electronically transparent and physically impermeable interface. Outer-sphere reactions on metal 
substrate-modulated graphene prove the electronic transparency of the graphene interface. Inner-
sphere oxygen reduction reaction activity changes demonstrate the electronic coupling between 
metal substrates and molecular adlayers above graphene. This work provides new strategies for 
systematically tuning the electrocatalytic reactivity using hybridized electrocatalyst structures. 
The second part of this dissertation utilizes few layer graphene as an ultra-thin bulk material that 
can reversibly intercalate alkali ions. The finite thickness of graphene leads to layer number-
controlled Li-ion intercalation behavior. Passivating the few layer graphene surface can 
selectively facilitate stable K-ion intercalation while suppressing the K plating reaction. The last 
part of this dissertation introduces redox-active polymers and advanced redox-active colloids as 
electrochemical energy storage carriers, which have shown facile charge transfer kinetics and 
good charge storage ability. Combining these macromolecular electrolytes with size-exclusion 
porous membranes provides a potential solution to current ionic conductivity restriction in non-
aqueous redox flow batteries. 
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1.1 Electrochemical Energy Storage and Conversion Systems and Materials 
One of the greatest challenges for our modern society is developing efficient and low-
cost electrochemical energy storage and conversion systems for stationary and transportation 
applications.
1
 In these cases, energy storage and conversion devices, including fuel cells, 
batteries, and supercapacitors, play an important role in clean and efficient applications of 
electrochemical energy.
2
 Among them, fuel cells, Li-ion batteries, and redox flow batteries are 
good examples for application in different scales in transportation, portable, and stationary 
storage devices, and are the focus of this dissertation. 
A fuel cell is a galvanostatic electrochemical device, in which the free chemical energy of 
fuels is converted into electrical energy. Among them, the most well studied system is the proton 
exchange membrane fuel cell (PEMFC), in which hydrogen and air are used as fuels with heat 
and water/steam as byproducts.
3
 During operation, the anodic hydrogen oxidation and cathodic 
oxygen reduction reactions happen on the surface of an electrocatalyst. The major challenge that 
limits the performance of PEMFC is the activity of the cathode, where the oxygen reduction 
reaction (ORR) on the cathode is more than six order of magnitude slower than hydrogen 
oxidation on the anode.
4
 Recent progress in ORR electrocatalysis has focused on Pt-based 
catalysts with outstanding performance, such as different Pt-transition metal alloys (e.g. Pt3Ni 
and Pt3Co),
5
 and ordered Pt structures with controlled shapes (e.g. nanocrystals).
6-8
 Other efforts 
have led to the development of less expensive catalysts, including carbon-based non-noble metal 
2 
 
composites (e.g. Fe/C/N type materials)
9-11




The traditional Li ion battery (LIB) is an electrochemical energy storage device which 
consists of metal-oxide cathode, graphite anode, electrolyte, and membrane separator. It operates 
by reversibly (de-)intercalating Li ions into layer-structured cathode and anode during 
charge/discharge cycles.
16-18
 Due to the exceptional characteristics of Li, including the lowest 
reduction potential, third lightest element weight, and smallest ionic radius of a singly charged 
ion, LIBs have high gravimetric and volumetric capacity and power density.
19
 Traditional 
cathode materials are transition metal oxides, e.g. LiCoO2, which have high volumetric capacity, 
high discharge voltage, and good cycling performance.
20, 21
 Replacing the Co with other 
transition metals can grant reduced cost (e.g. LiNiO2, LiMnO2)
22, 23
 or enhanced structural 
stability (e.g. LiNixCoyMnzO2).
24
 Another group of cathode material is polyanion electrodes (e.g. 
LiFePO4), which have high thermal stability and high power capacity but low average 
potential.
19
 As for anode materials, instead of directly using Li metal (which forms dendrites 
during cycling), graphitic materials were commonly used in LIBs to avoid the short circuiting 
effect.
25
 Li storage in graphite follows a staging-type mechanism with a fully intercalated stage-1 
compound of LiC6.
26, 27
 During early stage cycling, a layer of solid-electrolyte interphase forms 
on the electrode surface, which can prevent further solvent and electrolyte degradation while 
allowing Li ion transport.
28, 29
 This material has the advantage of low cost, high electrical 
conductivity, low delithiation potential, and low volume change during cycling.
19
 Compared to 
the highly ordered graphitic structure, hard carbon materials are a new generation of carbon 
anodes. The decreased grain size and disordered orientation allow hard carbon to maintain high 
gravimetric capacity and stability.
30, 31
 Another important anode material is Si, which forms 
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alloys with Li during lithiation.
32
 Compared to carbon materials, Si anodes have the advantage of 




Redox flow batteries (RFBs) are grid-scale energy storage systems, which separate the 
energy density and capacity need of traditional batteries by using solid electrodes and flowable 
electrolyte for both anode and cathode chambers.
34
 Traditional RFBs operate in aqueous systems, 
in which an ion selective membrane is used to separate positive and negative redox species. 
Examples of aqueous RFBs (ARFBs) are all-vanadium (1.26 V) and Zn/Br (1.85 V) systems.
35, 36
 
Restricted by the thermodynamic limits of the aqueous solution potential window, together with 
the high molecular weight and high cost of electrolytes, ARFBs technologies have not seen 
broad market penetration.
37
 Replacing aqueous soluble electrolytes with nonaqueous-based redox 
molecules offers the benefits of a wide working potential range, high energy density, and 
chemical flexibility.
38
 Nonaqueous RFBs (NRFBs) can operate at a potential window as high as 
4.52 V using biphenyl radical anion and octafluoronaphthalene radical cation prototype cell.
38
 
These small redox molecule NRFBs system still suffer from high internal resistance and low 
ionic conductivity.
39
 Recently our group has proved that by using macromolecular redox-active 
polymers (RAPs) as electrolytes and a size-selective membrane, the ionic conductivity of NRFBs 
can be largely enhanced, while still maintaining 90 % rejection of active species crossing during 
operation.
40
 RAPs and the integrated redox-active colloids (RACs) have shown facile charge 
transfer kinetics, good charge storage abilities, and tunable sizes, which make them great 





Among all of the materials introduced above for different energy storage and conversion 
systems, this dissertation focuses on application and nanoscale engineering of graphene/graphitic 
type materials, as well as synthesized redox-active polymeric materials. 
1.2 Graphene and Graphitic Materials for Energy Storage and Conversion
†
 
1.2.1 Graphene Materials – Properties and Applications 
Graphene, a one atom thick, two-dimensional sheet of sp
2
-hybridized carbon, has 
attracted great attention recently.
48, 49
 The extremely thin graphene layer exhibits high electrical 













mechanical strength (1.0 TPa),
53













 and high transparency (~2.3 % decrease in 
transmittance for each layer).
56
 These properties make graphene an attractive platform for energy 









  and dye-sensitized solar cells.
65
 
1.2.2 Fabrication of Graphene 
Multiple methods have been applied to obtain graphene analogue materials, including 
single layer graphene (SLG), multilayer graphene (MLG), and reduced graphene oxide (r-GO). 
Exfoliation and chemical vapor deposition (CVD) based techniques are widely used for 
fabrication of graphene samples for electrochemical energy-related applications. 
                                                          
†
 Part of this section is adapted from the publication: Hui, J. S.; Zhou, X.; Bhargava, R.; 
Chinderle, A.; Zhang, J. R.; Rodriguez-Lopez, J. Kinetic Modulation of Outer-Sphere Electron 
Transfer Reactions on Graphene Electrode with a Sub-surface Metal Substrate. Electrochim. 
Acta 2016, 211, 1016-1023. 
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The first method discovered to yield a reproducible preparation of graphene was 
mechanical exfoliation, which used Scotch tape to peel off thin graphite flakes multiple times 
and transfer them to a certain substrate for further examination.
66, 67
 Since the graphene sheet 
directly originates from graphite materials, this method provides graphene sheets with the best 
quality, but is hard to scale for mass production.  
Another exfoliation method is liquid phase exfoliation. The modified Hummers method is 
one of the most commonly used methods,
68
 which utilizes the hydrophobicity of graphite oxide 
and ultrasonication to exfoliation graphene oxide (GO) flakes, and reduce them to r-GO form.
69
 
Due to the surface energy similarities, sonicating graphite in N-methyl-pyrrolidone solvent also 
leads to the production of single to few-layer graphene sheets.
70
 Liquid phase exfoliation 
methods have the advantage of large quantity production of graphene type materials, but have 
poor control of chemical defects and layer thicknesses. 
Compared to previous exfoliation based methods, chemical vapor deposition (CVD) 
methods provide alternative solutions to fabricate large-area uniform polycrystalline graphene 
films.
71
 Ni thin films were first applied as metal catalysts for graphene synthesis, which catalyze 
carbon precursor (e.g. CH4) decomposition at high temperatures (1000 ℃) under low 
pressure.72, 73 The graphene formation is attributed to good carbon solubility in Ni, which 
segregate out during the controlled cooling steps.
73, 74
 This method provides a fabrication method 
for few layer graphene samples, which can be easily transferred onto various substrates via wet-
transfer procedures.
74
 Cu foil soon became a popular alternative deposition catalyst for single 
and double layer graphene fabrication
75
 due to its zero carbon solubility and self-limiting growth 
mechanism.
76, 77
 Performing CVD growth in ambient pressure also leads to multilayer graphene 
samples of variable thickness.
78, 79
 Cu-catalyzed CVD growth methods are capable of 
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synthesizing graphene with extremely large area single layer graphene sheets (e.g. 30-inch)
80
 and 
large millimeter sized single-crystal graphene (e.g. 5 mm grains).
81-83
 Compared to exfoliation 
techniques, CVD grown graphene samples have the advantage of controllable size, thickness, 
and morphology. Therefore, this method was chosen to fabricate the single and multilayer 
graphene samples used in this dissertation. 
1.2.3 Nanoscale Engineering Methods of Graphene/Graphitic materials 
Other than directly controlling the size and morphology of graphene from various 
synthesis procedures, multiple modification methods have been used to functionalize graphene. 
Hence graphene has found several niches and applications including large area flexible 
electronics, catalysts, energy-related materials, sensors, and supercapacitors.
84
 Surface 
modification, substitutional doping, and substrate modulation are three commonly used strategies 
for graphene functionalization. 
Surface modification: Both covalent and non-covalent methods are applied to tune the 
surface property of graphene samples by introducing additional function groups.
85
 Covalent 
modification of graphene is usually based on the unsaturated π bonds of carbon and selected 





hybridized carbon to sp
3
. Non-covalent functionalization of graphene is usually done through π-π 
interactions, van der Waals force, electrostatic interactions, etc.
84
 For example, attaching 
porphyrins and phthalocyanine complexes largely improve the ORR-catalytic property of the 
graphene substrate.
87, 88
 TiO2 nanoparticles and r-GO hybridized LIB anodes exhibit high 
electrical conductivity, good cycling stability, and high capacity.
89
 
Substitutional doping: Doping is a promising technique to tailor the electronic property of 










 and photoluminescence properties.
92
 These doped materials 




Substrate modulation: Due to the atomically-thin thickness, the perturbation of graphene 
is known in different contexts. The Raman spectrum
94
 and bandgap opening
95
 of epitaxial 
graphene are affected by the graphene-substrate interaction, which can be sufficiently strong to 
change the graphene lattice symmetry. Chemical functionalities such as underlayer dielectrics 
can also change the electronic structure of graphene, thus modifying its carrier mobility.
96, 97
 The 
electron-transfer chemistries for both outer-sphere and inner-sphere catalytic reactions on 
graphene have shown kinetic dependence on underlying metal substrates.
98, 99
 
1.3 Scope and Organization 
The goal of my Ph.D. is to combine the power of versatile electrochemical techniques 
and diversified materials architecture, and explore various electrochemical mechanisms of 
different nano-structured energy storage and conversion materials. Different ultra-thin graphene 
architectures and synthetic redox-active polymers are studied in this dissertation. Chapters 2-5 
focus on graphene-based materials for ORR catalysis and alkali ion battery applications. 
Chapters 2-3 utilize ultra-thin graphene as an interface and explore the impact of substrate on 
outer-sphere (Chapter 2) and inner-sphere catalytic reaction (Chapter 3) kinetics on graphene. 
Chapters 4-5 treat few layer graphene as an ultra-thin bulk material and cover Li ion intercalation 
(Chapter 4) and K ion intercalation (Chapter 5) mechanisms in this material. Chapter 6 studies 
the electrochemical properties of viologen-based redox-active polymers as well as cross-linked 
8 
 
3D redox-active colloids and discusses the application of them as energy storage materials for 
NRFBs.  
 
Figure 1.1 Organization of the dissertation. 
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OUTER-SPHERE ELECTRON TRANSFER REACTIONS ON GRAPHENE — 




Although graphene-like materials produced by exfoliation have experienced an explosion 
in their type and uses, it is only recently that the electrochemical techniques to explore truly 
monolayer and bilayer extended electrodes have been developed.
1-6
 The extremely thin two 









 strong mechanical strength (1.0 TPa),
9
 and high transparency (~2.3 % 
decrease in transmittance for each layer).
10
 These properties make graphene an attractive 









 and dye-sensitized solar cells.
15
 But 
in spite of these applications, the electrochemical evaluation of pristine graphene electrodes has 
shown that the basal plane of chemical vapor deposition grown monolayer graphene can 
experience severe electron transfer kinetic limitations,
16-20
 while the presence of structural and 
chemical defects can increase dramatically its electrochemical activity.
21
 However, it is well 
known from scanning tunneling microscopy experiments on graphite surfaces that the electronic 
density of states of layers beneath the topmost carbon sheet can have a strong impact on the 
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 Part of this chapter is adapted from the publication: Hui, J. S.; Zhou, X.; Bhargava, R.; 
Chinderle, A.; Zhang, J. R.; Rodriguez-Lopez, J. Kinetic Modulation of Outer-Sphere Electron 
Transfer Reactions on Graphene Electrode with a Sub-surface Metal Substrate. Electrochim. 




measured surface electronic structure.
22-25
 Because graphene is atomically thin,
7, 8, 26, 27
 we 
hypothesized that such electronic effects created by an “underlayer” could permeate through 
ultrathin graphene electrode to affect the rate and mechanisms of “overlayer” solution exposed 
electrochemical reactions at the metal/graphene/solution interface. Here, we report on the impact 
of Au on the electrochemical activity of pristine bilayer graphene electrodes towards the electron 
transfer to solution mediators.  
The perturbation of graphene as an atomically-thin material is known in other contexts. 
The Raman spectrum
28
 and bandgap opening
29
 of epitaxial graphene are affected by the 
graphene-substrate interaction, which can be sufficiently strong to change the graphene lattice 
symmetry. Chemical functionalities such as underlayer dielectrics can also change the electronic 
structure of graphene, thus modifying its carrier mobility.
30, 31
 The electron-transfer chemistry of 
graphene can be affected via interaction with the underlying substrate as molecular grafting with 
aryl diazonium salts demonstrates substrate-dependent reaction rates.
32
 One possible explanation 
of this substrate effect would be that charge-donating impurities below graphene cause charge 
puddles that lead to electron-density inhomogeneities.
33, 34
 Recently, similar 2-D materials boron 
nanosheet has been proved to be a good electrocatalyst when supported on Au, its catalytic 
activity varies with different substrate support.
35-37
 It is reasonable to assume the different 
substrates may have some influence on graphene’s electronic properties, and thus its 





Figure 2.1 Schematic diagram of SECM feedback mode and selected outer-sphere reaction 
mediators. Fe(CN)6
3-/4-
 = ferricyanide/ferrocyanide redox pair, Fe(C6H5)2
0/+
 = 
ferrocene/ferrocenium redox pair.  
In order to prove our hypothesis, we used scanning electrochemical microscopy (SECM) 
to study the substrate effect on graphene for electrochemical reactions. SECM is a powerful tool 
to image highly localized substrate electrochemical processes, and provides a convenient 
platform to test comparisons between materials and substrate conditions in the same experiment, 
in the absence of adventitious changes in conditions from sample to sample.
38-40
 In this study, we 
chose to pattern micro-sized spots of Au (p-Au) in order to decorate the underlayer of graphene 
(graphene/p-Au). As shown in Figure 2.1, SECM was then used to image and quantify the 
differences in electrode electrochemical activity, thus elucidating the influence of metal substrate 
on graphene’s electron transfer kinetics. Three different outer-sphere electron transfer species 
were selected in our experiments, including ferrocyanide, ferricyanide, and ferrocene. As 
reported in literature, ferrocyanide and ferricyanide have slower to sluggish reaction kinetics 
with standard rate constant k
0 
of 3 × 10
-4
 m/s on Au,
41
 9.5 × 10
-6
 m/s (ferrocyanide) and 1.9 × 10
-
5
 m/s (ferricyanide) on graphene,
19
 while ferrocene represents fast reaction kinetics with k
0 
of 1 × 
10
-2
 m/s on Pt.
42
 Outer-sphere electrode reactions proceed through direct tunneling of electrons 




between reactant and electrode, nor the formation of adsorbed or catalytic intermediates.
43
 These 
reactions thus proceed with relative independence of the electrode material used. However, in the 
context of microscopic theories of electron transfer, the overlap between the electrode and 
reactant wave functions, as well as the density of states of the electrode, can influence the 
electrochemical rate constant and display differences between electrode materials for the same 
reaction.
43, 44
 In specific, pristine CVD-graphene electrodes have been recently found to exhibit 
clear kinetic limitations in comparison to their metal counterparts,
13, 18, 45
 as well as a dependence 
of the electron transfer kinetics on the number of layers
20
 and the presence of defects
21
, which 
can influence the electronic properties of the surface beyond the individually-affected carbon-
carbon bonds. While the exact reason for the lower reactivity observed for graphene electrodes is 
not yet completely established, here we present experiments that demonstrate that the electronic 
influence of metal underlayers can dramatically enhance the rate for electron transfer. 
2.2 Characterization of Graphene on Au Substrate 
The property of CVD grown graphene was examined via Raman spectrometry. Figure 
2.2a shows the Raman 2D/G intensity ratio mapping of graphene sample used in our experiments. 
The graphene is a large continuous sheet with tens of microns grain size. The averaged Raman 
spectrum of whole area is shown in Figure 2.2b. It has a small D band around 1370 cm
-1
, which 
indicates high quality sheets with few structural defects.
46
 From Raman image and spectrum, the 
majority of graphene has a ratio of the G band (around 1590 cm
-1
) to 2D band (2690 cm
-1
) 
intensity close to 1, which represents bilayer graphene structure.
47, 48
 The sheet resistance of 





Figure 2.2 Sample Characterization. a, Raman 2D/G intensity ratio mapping of pristine graphene 
on Si/SiO2 wafer. b, Average Raman spectrum of pristine graphene on Si/SiO2 wafer. D, G and 
2D peaks area labelled in Figure. c, Scanning electron microscopy image of graphene/p-Au 
sample with a white scale bar of 1 mm. Inset is optical microscope image of same sample with a 
black scale bar of 400 μm. d, Cyclic voltammograms of Au, Au with one monolayer of FcSH, 
and graphene/Au with one monolayer of FcSH. Solution: blank 0.1 M KNO3 aqueous solution. 
Scan rate: 0.1 V/s. 
The graphene samples were transferred onto metal films and patterned metal substrates 
via wet etching procedure for electrochemical tests. Figure 2.2c is the SEM and microscope 
image of graphene/p-Au substrate. The size and shape of metal enhanced areas match with the 
SEM image and inset optical microscope in Figure 2.2c. After whole graphene transfer process, 





In order to discard the possibility of trivial effects in following SECM results, such as the 
exposure of the metal underlayer to solution through holes in the graphene structure or by means 
of a “leaky” contact between graphene and the metal, we verified the exposure of Au to the 
electrolyte by means of a surface probe. A monolayer of FcSH was adsorbed on our graphene/Au 
sample, as well as on blank Au substrates, and tested the CV based on the adsorbed ferrocene 
redox couple, as shown in Figure 2.2d. The absorbed FcSH layer on Au substrate exhibited a 
clear peak around 0.5 V vs. Ag/AgCl for ferrocene end group oxidation. When Au substrate was 
covered with graphene, this signal was largely suppressed due to the lack of available exposed 
Au for FcSH modification. Compared to a blank sample of Au without any overlayer graphene, 
we observed that less than 3% of the surface consisted of Au exposed to the solution 
environment, as determined by integration of the area below the FcSH oxidation peak around 
0.57 V vs. Ag/AgCl on FcSH/Graphene/Au CV in Figure 2.2d. This is a small percentage of 
exposed sites that were not detected in our samples as major holes, however small pinholes and 
grain boundaries could contribute significantly to the SECM response. The experiments shown 
below, in the absence and presence of a molecular blocking agent, show that metal exposure was 
not determining.  
2.3 Enhanced Fe(CN)6
4-





 redox pair has been demonstrated to exhibit sluggish 
electron transfer kinetics on pristine graphene electrodes,
21, 49
 although it exhibits much faster 




 pair a suitable 
redox mediator for detecting the local activity change on graphene under the effect of metal 
substrates. SECM image was first collected with ferricyanide ([Fe(CN)6]
3-
) solution to examine 
the heterogeneous rate constant change of the [Fe(CN)6]
4-




selected test area consisted of an exposed Au spot and a graphene/p-Au spot with large graphene 
sheet background connection. 
 
Figure 2.3 SECM study of graphene activity towards an outer-sphere reaction over a 
graphene/p-Au spot with ferricyanide used as redox mediator. a, SECM feedback image of 
graphene/p-Au spot and exposed Au spot, the scanning area is indicated as insert microscope 
image. In this experiment Fe(CN)6
3-
 was reduced to Fe(CN)6
4-
 at Pt UME, and then became 
oxidized at the graphene substrate. The round pattern centered as x = 200 µm, y = 100 µm is 
exposed Au spot, the other round pattern at x = 550 µm, y = 500 µm is the graphene/p-Au area. b, 
Approach curves to Au, graphene/Au, and graphene area. Theoretical fittings of each curve with 
calculated k values were exhibited in this Figure. Pure positive feedback and negative feedback 




(Figure 2.3 Continued) oxidation kinetics at exposed Au area and graphene/p-Au area, 
respectively. The 100 µm diameter dashed circles in panel c and panel d indicates the possible 
position of Au or graphene/p-Au spot. 
As shown in Figure 2.3a, SECM scans on the graphene/p-Au spot (x = 550 µm, y = 500 
µm) resulted in a higher feedback current that was detected at this area. We also included an 
exposed Au area (x = 200 µm, y = 100 µm), whose edge was connected with the graphene sheet 
in same Figure for comparison. This same spot is shown in the insert optical microscope image 
in Figure 2.3a. Overall, there was an increase of feedback current at the graphene/p-Au area, and 
this enhancement was smaller than pure exposed Au area.  Overall, the order in reactivity was: 
Au > graphene/Au > bare graphene. Figure 2.3b summarizes the approach curves under the same 
electrode polarization conditions to Au, graphene/Au and graphene surface with theoretical 
fitting, which yielded heterogeneous rate constant k of 1.4 × 10
-4
 m/s, 2.4 × 10
-5
 m/s, and 4.0 × 
10
-6
 m/s, respectively. The calculated k mapping of exposed Au area (Figure 2.3c) and 
graphene/Au area (Figure 2.3d) matched well with fitted data from approach curves. The kinetics 
enhancement at graphene/Au area was estimated by comparing the averaged heterogeneous rate 
constant at 30 × 30 µm
2
 area of graphene/Au and pristine graphene. Ferrocyanide oxidation 
reaction at graphene/Au area was 5.5 ± 1.0 times faster than graphene. The inhomogeneity in 
Figure 2.3d can be attributed to a differently-formed contact between graphene and p-Au. Since 
the amorphous Au pattern was deposited via E-beam evaporation method, there is inevitably one 
to several atomic size height differences between different domains. At sites with pristine 
graphene, the tip-generated [Fe(CN)6]
4-
 was not successfully oxidized due to the sluggish 
reaction kinetics of this mediator over graphene, while at the graphene above Au substrate, the 




graphene exhibits sluggish reaction for [Fe(CN)6]
4-
oxidation, adding an underlayer that displays 
faster kinetics will help enhance its interfacial reactivity. 
2.4 Origins of Localized Modification of Outer-Sphere Electron Transfer Kinetics 
After analyzing the kinetics change at graphene/p-Au surface, we primarily hypothesized 
that the metal underlayer affects the electronic properties of graphene by increasing its electron 
density at the interface, i.e. displaying a permeation through the thin graphene layer that affects 
the outer-sphere reaction above it. This effect can be explained as change of electron density of 
state near Fermi level, where its position will dominate the electron transfer kinetics in 
electrochemical reactions.
43
 The second possible explanation would be the change of graphene’s 
Fermi level by charge doping from Au substrate due to the difference in their work functions. It 
has been studied by first-principles calculations that the binding between graphene surface and 
metals can adopt different characters, ranging from “physisorption”, where the band structure of 
graphene is largely intact, to the formation of a new surface phase, in which “chemisorption” 
takes place.
50
 For Au, the interaction corresponds to the “physisorption” model, which leads to 
no significant disruption to the band structure of graphene except a small shift of the Fermi level. 
If doping is the main effect, then the polarized shift of Fermi Level might primarily enhance the 
oxidation reaction kinetics on graphene/Au surface, but show no improvement or negative effect 
for reduction reactions.  
In order to test these effects, we tested the electrochemical activity of the interface using 
ferrocyanide instead of ferricyanide as original species. The calculated k at graphene/p-Au area is 
plotted in Figure 2.4a. In general, similar kinetics enhancements for ferricyanide reduction were 
observed at graphene/p-Au. Moreover, comparing to Figure 2.3d, ferrocyanide and ferricyanide 




slightly larger rate constant of ferricyanide reduction. This result matched with previously 




 electron transfer kinetics on single layer graphene.
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Overall, the metal underlayer exhibited non-polarized enhancement to both oxidation and 
reduction reactions on graphene surface, which can preclude the second hypothesis of polarized 
enhancement due to charge doping from Au substrate. 
 
Figure 2.4 Heterogeneous electron transfer rate constant k images of graphene activity towards 




(Figure 2.4 Continued) reduction kinetics k mapping on graphene/Au electrode. b, Calculated 
ferricyanide reduction kinetics k mapping on a graphene/Au electrode with small exposed Au 
area at x = 160 µm, y = 140 µm. c, Comparison of ferrocyanide oxidation CVs on fresh Au tip 
and 11-mercapto-1-undercanol (11-MU) self-assembled monolayer modified Au tip. d, 
Calculated ferricyanide reduction kinetics k mapping on 11-MU treated graphene/Au electrode, 
11-MU was used to fully block any exposed pinholes of Au substrate. e, Calculated ferrocenium 
reduction kinetics k mapping on a graphene/Au electrode. The dashed circles indicate the 
possible position of graphene/Au spot in each graph. 
A more trivial mechanism would apply if exposed Au was artificially enhancing the 
measured k at the graphene-metal spots. While the control experiments using the ferrocene 
surface probe indicated to us that this was not a large component of the surface, we found it 
instructive to evaluate the influence of a small portion of exposed Au on the graphene/p-Au 
performance. First we selected a graphene/p-Au sample with a tiny exposed Au area at ca. x = 
160 µm, y = 140 µm. The kinetics mapping of ferricyanide reduction on this sample is shown in 
Figure 2.4b, where a large rate of electron transfer was observed on a highly-localized spot 
within the area of graphene modified by Au. Because these defects on graphene are easily 
recognized through the SECM imaging, it is easy to discard results from such spots after ex-situ 
microscopic inspection. However, even if we are aware of the presence of large holes, we still 
cannot preclude the possibility that small pinholes from graphene defects and grain boundaries 
impact the SECM response. Since these nanometer-sized exposed Au areas cannot be imaged 
using the current SECM setup, we chose to selectively block the Au surface towards electron 
transfer using the molecular blocking probe 11-MU. 11-MU forms a self-assembled monolayer 






 The property of this 11-MU SAM was verified by examining ferrocyanide 
oxidation on a 12.5 μm Au tip. As shown in Figure 2.4c, an 11-MU modified Au tip exhibited a 
dramatic decrease in its electron transfer kinetics, with a modified standard rate constant on the 
order of 10
-7
 m/s, well-below the k
0
 of the ferro/ferricynanide redox pair on unmodified graphene. 
Comparison of Figure 2.4a and 2.4d reveals similar kinetics enhancement on the graphene/p-Au 
surface with and without 11-MU treatment. Therefore, all of the localized enhancement we 
observed for ferricyanide and ferrocyanide reactions come from the electronic coupling between 
graphene and Au substrate and the contribution from pinholes is largely discarded. 
Recently, there has been debate about the potential limitation and reliability of 
ferricyanide and ferrocyanide redox mediator as kinetic probes for graphene type materials.
52
 
Thus, we confirmed our measurements using a traditionally-fast redox mediator such as 
ferrocene in organic media (Figure 2.4e). Observable enhancement was found on the graphene/p-
Au area, with an overall increase of 5.1 ± 0.5 times of the heterogeneous rate constant. It is also 
important to point out that even if some electrode fouling was occurring due to decomposition of 
the redox mediator at the graphene surface,
52 or due to the presence of residues from graphene 
processing,
53, 54
 these effects should affect similarly metal modified and unmodified areas. What 
we observe is that regardless of the surface condition, the areas modified with metals exhibit 
larger rates of electron transfer. These enhancements can be reasonably attributed to donation of 





, and scanning tunneling spectra
57
 of graphene 
sheets above metal layers. Au has higher electron density near Fermi level and can donate some 




end result is a dramatically-enhanced rate of electron transfer at the modified graphene sites, 
despite the lack of access of the metal to the solution.  
2.5 Materials and Methods 
Chemicals. All chemicals were commercially purchased and used as received. Potassium 
nitrate (KNO3, 99.0 %), ferrocene (98 %), lithium tetrafluoroborate (LiBF4, 98 %), 11-mercapto-
1-undecanol (11-MU, 95 %), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, 
99.0 %), acetone (99.5 %), isopropyl alcohol (99.5 %), anisole (99 %), dichloromethane (99.5 %) 
were all purchased from Sigma-Aldrich. Potassium ferrocyanide (K4[Fe(CN)6]·3H2O, 98.5 %) 
was purchased from Strem Chemicals Inc. Potassium ferricyanide (K3[Fe(CN)6], 99 %) was 
purchased from J. T. Baker. 25 µm copper foil was purchased from Alfa Aesar. Two poly(methyl 
methacrylate) (PMMA) solutions, NanoTM 950K A4 (Mw 950,000 PMMA, 4 w% solution in 
anisole) and 495K A2 (Mw 495,000 PMMA, 2 w% solution in anisole), were purchased from 
MicroChem. CE-100 copper etchant was purchased from Transene Company. Si wafer were 
purchased from Monsanto. Si wafer with 300 nm SiO2 (Si/SiO2 wafer) was purchased from 
University Wafer. The deionized water (DI water) was filtered using a Millipore system. 
Substrate Fabrication and Characterization. E-Beam evaporation was applied to 
deposit 100 nm thick Au on substrates with 5 nm Ti as adhesion layer. Shadow mask with 100 
µm diameter holes, 500 µm center-to-center distance was used to cover Si/SiO2 wafer surface 
during deposition to create Au patterns (p-Au). Continuous Au film was also deposited on Si 
wafer for the thiolation test mentioned below. Graphene was fabricated using previously reported 
chemical vapor deposition (CVD) method
13
 under 1000 ℃, 40 mTorr, 100 sccm CH4 and 50 
sccm H2 for 25 min. Graphene was transferred to different substrates, including Si/SiO2 wafer, 






. In general, the graphene was protected by PMMA film, while the bottom Cu was etched 
away in Cu etchant. After that, several cleaning procedures were processed to remove trace 
amount of ions (4 times rinse with DI water, 1h EDTA treatment, and 4 times rinse with DI 
water) and the clean graphene was transfer onto target substrate. The PMMA protection layer 
was removed by soaking in organic solvents with 2h in anisole, 4 h in acetone dichloromethane 
1:1 ratio and 2 h in isopropanol, thus clean graphene surface was exposed. 
The optical and spectroscopic properties of the various substrates were characterized via 
optical microscopy (Zeiss Axio Lab.A1), scanning electron microscopy (SEM, Philips XL30 
ESEM-FEG), and Raman spectroscopy (Nanophoton Raman-11) before and after experiments.  
Thiolation of Graphene on Au substrate. In order to discard the presence of holes on 
graphene/metal electrodes that could impact its interfacial activity, we selected 6-
hexaneferrocylthiol (FcSH) as a probe to detect possible exposed Au area. FcSH can selectively 
adsorb on Au surface but not graphene, to form stable Au-S bonded self-assembled monolayer.
58
 
The ferrocene end group is electroactive which can be detected via cyclic voltammetry (CV). 
The adsorption procedure is a modified version from literature.
59
 In general, the substrate (Au, 
graphene or graphene/Au) was soaked in 2 mg/mL FcSH ethanol solution for 16 hours to form a 
stable monolayer on Au and then rinsed with ethanol four times to remove physisorption species 
and blow dried with Ar. CVs of each electrode after FcSH adsorption were tested to verify the 
existence of ferrocene group, and hence the exposed Au surface. 
Experiments were performed in order to verify and discard the role that pinhole exposure 
of Au could have on the observed electrochemical response. 11-mercapto-1-undecanol (11-MU) 
was chosen to purposely block Au surface. The substrates (graphene/p-Au or 12.5 µm radius Au 




assembled monolayer (SAM) and then rinsed with copiously with ethanol and blow dried with 
Ar. The electron blocking property of 11-MU SAM was verified by comparing the CVs of fresh 
and 11-MU modified Au tip in 10 mM K4[Fe(CN)6], 0.1 M KNO3 aqueous solution. The 11-MU 
treated graphene/p-Au substrate was used for SECM testing. 
Scanning Electrochemical Microscopy. SECM was conducted on a CHI920D 
workstation (CH Instruments) with a four electrode configuration: 12.5 µm radius Pt 
ultramicroelectrode (UME) as working electrode, Pt wire as counter electrode, Ag/AgCl 
saturated KCl reference electrode for ferricyanide/ferrocyanide experiments (isolated from the 
working electrolyte solution through an agar/0.1 M potassium nitrate bridge), Ag quasi-reference 
electrode (QRE) for ferrocene experiment in acetonitrile, and Au patterned graphene as substrate 




General SECM methods. In SECM technique, usually a UME is used as a probe to detect 
local changes in electrochemical activity. The steady-state current at the UME changes with tip-
substrate distance (d) and heterogeneous electron transfer rate constant (k) of the mediator at 
substrate electrode. This relationship of normalized tip height (L) and normalized tip current (IT) 
is known as approach curve, where L = d/a is the ratio of the absolute distance (d) to the tip 
radius (a), and IT = iT/iT,inf is the ratio of tip current to steady-state current (iT) at a large distance 
from the substrate (iT,inf). Electron transfer kinetics, k, were be obtained by fitting approach curve 
with equations developed by Lefrou and Cornut,
60
 with known tip geometry and mediator 
diffusion coefficient.  
After approaching UME tip close to the substrate within feedback range, SECM feedback 




change at different location. As shown schematically in Figure 2.1, species A is 
reduced/(oxidized) to form species B at UME surface, which is then oxidized/(reduced) to 
regenerate A at substrate electrode. This feedback loop enables the recycled flux of mediator, 
generating an increased current on the tip electrode as a function of substrate activity. SECM 
images were obtained by scanning the tip at constant height above substrate surface and 
collecting feedback current at each location. k was calculated with normalized tip height-current 





 redox pair. The ferricyanide/ferrocyanide redox pair 
showed a half wave potential, E1/2=0.25 vs. Ag/AgCl in 0.1 M KNO3. In a first experiment, 10 
mM K3[Fe(CN)6] in aqueous solution with 0.1 M KNO3 supporting electrolyte was used as 
reaction media. After approaching the tip to the substrate using SECM negative feedback with 
the substrate at open circuit 
5
, ca. to L = 0.34 (4.25 µm), SECM images were obtained in the 
feedback mode. The tip was held at 0 V to generate [Fe(CN)6]
4-
 and the substrate was held at 0.5 
V to locally regenerate the [Fe(CN)6]
3-
 ion. This regeneration caused the tip current to be 




38, 40, 49, 61, 62
 The testing area consisted of one exposed Au spot 
with graphene connected to its edge and one Au spot fully covered with graphene sheet 
(graphene/p-Au), thus approach curves to three respective area: exposed Au, graphene, and 
graphene covered Au spot (graphene/Au) were tested and fitted with theoretical curve to obtain 
heterogeneous electron transfer rate constant (k) of [Fe(CN)6]
4- 
oxidation reaction at different 
area. Based on the SECM feedback image and fitted L, the current mapping was transferred to k 




In a second experiment, 10 mM K4[Fe(CN)6] in aqueous solution with 0.1 M KNO3 
supporting electrolyte was used as reaction media. Similar SECM feedback current images were 
obtained at various substrates: graphene/p-Au, graphene/Au with small piece exposure of Au 
substrate and graphene/p-Au substrate with 11-MU self-assembled monolayer to block exposed 
Au pinholes. The tip was held at 0.5 V to generate [Fe(CN)6]
3-
 and the substrate was held at 0 V 
to locally regenerate the [Fe(CN)6]
4-
 ion. The current images were transferred to k mappings with 
similar procedure as K3[Fe(CN)6] mediator. 
SECM of ferrocene/ferrocenium redox pair. Ferrocene/ferrocenium redox pair showed a 
half wave potential, ca. E1/2=0.44 vs. Ag QRE, in 0.5 mM ferrocene in acetonitrile solution with 
0.1 M LiBF4 as supporting electrolyte was used as reaction media. SECM feedback current 
images were obtained at exposed Au spot and graphene/p-Au area at ca. L = 0.89 (11.1µm) and 
transferred to k mappings. The tip was held at 0.6 V vs. to generate ferrocenium and the substrate 
was held at 0.25V to locally regenerate the ferrocene. 
2.6 Conclusion 
We have shown here a study of the impact of sub-surface buried Au on the 
electrochemical activity of CVD-grown graphene sheets through the simplest form of interfacial 
electron transfer using outer sphere redox mediators. SECM in the feedback mode was used to 
compare in-situ the redox kinetics of areas modified by metals to those of the pristine graphene 
and the pristine metal.  In the case of the ferrocyanide/ferricyanide system, which shows sluggish 
reaction kinetics at pristine graphene, we observed a 5.5 ± 1.0 times increase in heterogeneous 
rate constant on Au-modified areas. Moreover, similar kinetic improvement was observed on 
ferrocene/ferrocenium reaction, the graphene/p-Au area has 5.1 ± 0.5 times increase of electron 




SEM and optical imaging, and calculations based on known-models of substrates with pinholes, 
give us arguments to discard the possibility that the observed effects are due to exposed metal 
surface. We ascribe instead the observed enhancements on an electron-donating effect from the 
metal sub-surface, which enhances the electron density of states and Fermi level of graphene. 
The results presented here suggest new methods for tuning electrochemical reaction rates 
with ultra-thin materials and various sub-surface modification methods. Such modified interfaces 
might lead to new strategies for electrode fabrication and patterning. Furthermore, the ultra-thin 
graphene interface might serve as a protection layer for sub-surface materials, protecting them 
from the electrolyte environment while selectively depolarizing electrochemical reactions at the 
otherwise sluggish graphene/electrolyte interface.  
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INNER-SPHERE ELECTRON TRANSFER REACTIONS ON GRAPHENE — 




Coupling materials with the intention of synergistically modifying their electronic 
structure has garnered much interest recently as a strategy for creating superior electrocatalysts.
1-
6
 Unfortunately, these combinations often exhibit surface degradation processes during 
electrochemical testing that obscure experimental interpretation.
7-9
 We reasoned that a platform 
that enabled electronic interactions between two materials at atomic scales would be desirable to 
test such electrocatalyst synergies. With its demonstrated electrical conductivity,
10
 low interfacial 
reactivity,
11, 12
 and prospects as electrocatalyst support and adsorbing surface,
13, 14
 graphene 
stands out as an excellent candidate for such platform. Here, we demonstrate that a layer of 
graphene placed between two redox-active materials enables electronic interactions 
commensurate with its atomic thickness, having a profound impact on the electrocatalytic 
reactivity of the interface towards the oxygen reduction reaction (ORR).  
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Inspired by the well-known effects induced by underlying electronic states on the surface 
electronic structure of pyrolytic graphite,
15-17
 we hypothesized that the atomic thickness of 
graphene would enable “underlayer” electronic effects to permeate towards “overlayer” species 
in contact with a graphene interface as shown in Figure 3.1. Charge doping and Fermi level shifts 
between graphene and metal substrates have been studied previously by scanning tunneling 
microscopy(STM),
18, 19
 density functional theory (DFT),
20, 21
 and x-ray photoemission 
spectroscopy (XPS).
22
 We recently demonstrated that the kinetics of electron transfer to a series 
of mediators in solution were increased six-fold when graphene was deposited on Au instead of 
SiO2, firmly establishing the potential to study more complex reactions (Figure 3.1a).
23
 Because 
the rates and mechanisms for electrocatalytic reactions are responsive to surface electronic 
structure and density of states (DOS), these effects are known to have a dramatic impact on 
kinetically-limited outer-sphere reactions.
23
 Furthermore, similar charge coupling effects 
between adsorbed metal-phthalocyanine molecules and metal substrates mediated by a graphene 
interface have been identified by STM, DFT, and XPS.
24-26
 Therefore, we reasoned that this 
charge coupling effect of three layer electrode structure (Figure 3.1b) – surface adsorbed 
molecular catalyst adlayer, graphene interface, and metal substrate from top to bottom – would 
offer unique benefits for electrochemical reactions. Here, we take a critical step forward on these 
concepts and demonstrate through scanning electrochemical microscopy (SECM) and first-
principle dispersion-corrected density-functional theory (DFT-D) calculations that metal 
underlayers modulate not only the reactivity of graphene towards inner-sphere electrocatalysis 





Figure 3.1 Depiction of multi-layer electrocatalysts hybridized with electronically “semi-
transparent” graphene. a, Two-layer hybrid structure of graphene supported on metal. The metal 
underlayer affects ORR above graphene. b, Three-layer hybrid structure of a molecular catalyst 
layer adsorbed to graphene supported on a metal substrate. The metal underlayer’s electronic 
effect permeates across the graphene interface and couples with the FeOEP adlayer to influence 
the electrochemical reactions above. 
The ORR is a promising and well-studied cathodic reaction in fuel cells and metal-air 
batteries.
27-29
 The ORR follows an inner-sphere mechanism, where the electrode material 
determines the rate of reaction through the formation of specific bond-breaking steps.
30
 We 
chose the ORR as an electrocatalytic probe as it conveniently demonstrates the potential of 
metal/graphene interfaces for characterizing synergetic processes: while the underlayer metal 
strongly modulates the reaction potential, the overlayer exhibits reaction mechanisms highly 
reminiscent of the unperturbed surface. Oxygen can be reduced directly to water through a four-
electron reaction or reduced to hydrogen peroxide through two-electron reaction:
31
  




 → 2H2O E° = 1.23 V vs. NHE 




 → 2H2O2   E° = 0.695 V vs. NHE 
The number of electrons transferred during ORR depends on the catalyst identity and the extent 






 while other metals such as Au predominately operate through the 2-electron 
route.
32, 33
 In addition to metals, transition metal N4-macrocycles such as porphyrins and 
phthalocyanines are promising cost-effective molecular candidate catalysts for the ORR.
34-36
 
Both the substrate and molecular adlayer can be electrocatalytically active towards ORR, so we 
chose Pt or Au substrates as “underlayer” materials and 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine iron(III) chloride (FeOEP) as a molecular adlayer catalyst, making use of the 
observation that FeOEP adsorbs easily on graphitic surfaces due to strong π-π stacking 
interactions.
37, 38
 Experiments with FeOEP adsorbed on graphene demonstrate the ORR 
mechanism is guided by the surface chemistry of the overlayer component while the reaction 
activation potential benefits from the underlying metal support. We further demonstrate that the 
ultra-thin graphene layer may be leveraged as a platform to mitigate fouling or poisoning in 
electrocatalytic systems without sacrificing catalytic performance, as uniquely enabled by the 
electronic interactions across graphene’s thin yet impermeable structure.  
3.2 Characterization of Graphene and Metal Substrates 
Large, continuous graphene sheets grown by chemical vapor deposition (CVD) were used 
in all experiments and characterized via Raman spectroscopy and scanning electron microscopy 
(SEM). The Raman 2D/G intensity ratio map (Figure 3.2a) shows large gray areas of bilayer 
graphene, indicated by a 2D/G ratio close to unity, interrupted by brighter and darker areas of 
monolayer and triple layer graphene, respectively.
39, 40
 Areal spectra of each selected region 
(Figure 3.2b) show a small D band around 1370 cm
-1
, which suggests few structural defects are 
present.
41
 In spite of the small interlayer inhomogeneities, the graphene sheet consisted primarily 
of a continuous bilayer structure.
23
 The graphene samples were transferred onto metal films and 





Figure 3.2 Characterization of pristine graphene on SiO2 wafer and patterned metal substrates. a, 
Raman map of the 2D/G ratio of graphene supported on SiO2. The color bar shows the 2D/G 
ratio scale. The boxed regions enclose examples of single- (black line, area 1), double- (red line, 
area 2) and triple- (blue line, area 3) layer graphene. b, Areal Raman spectra of the boxed regions 
indicated in a. 
 
Figure 3.3 SEM and photomicrograph images of graphene/p-Au (a and b) and graphene/p-Pt (c 
and d). The scale bars indicate 200 μm. 
SEM and optical microscope images (Figure 3.3) of graphene on Au pattern (graphene/p-
Au) and graphene on Pt pattern (graphene/p-Pt) show continuous coverage of the Au and Pt 
patterns by graphene. Maps of the Raman 2D peak intensity at freshly-deposited graphene/p-Au 




two maps use different intensity scales due to differences in the substrate background 
fluorescence. Associated areal Raman spectra are shown in Figure 3.4b and Figure 3.4d for 
graphene/p-Au and graphene/p-Pt, respectively. 
 
Figure 3.4 Raman characterizations of graphene/p-Au and graphene/p-Pt. a, Raman map of the 
2D band intensity of graphene supported on p-Au. b, Raman evidence of full graphene coverage 
of p-Au substrate, with the comparison between Raman spectra taken from the center of the Au-
backed area, the edge of Au-backed area, and the pure graphene area in panel a. c, Raman map of 
the 2D band intensity of graphene supported on p-Pt. d, Raman evidence of full graphene 
coverage of p-Pt substrate, with the comparison between Raman spectra taken from the center of 
the Pt-backed area, the edge of Pt-backed area, and the pure graphene area in panel c. The color 
bars in a, c show the 2D band intensity scale. Graphene supported on a Au or Pt underlayer 
exhibits a larger fluorescence background but does not yield substantially different Raman peak 





3.3 Metal Substrate Effects 
The ORR electrocatalytic activities of freshly obtained graphene/metal substrates were 
investigated via SECM for any localized enhancement of graphene by a metal underlayer. 
Because ORR on carbon materials proceeds primarily through the two-electron route, we 
focused on the collection by the SECM tip of substrate-generated H2O2 (Figure 3.5a). Line-scans 
over a graphene/p-Au spot (Figure 3.5b) show increasing H2O2 generation at the graphene/p-Au 
spot in response to increasingly negative substrate bias up to -0.4 V. The full SECM images to 
which the line-scans belong (Figure 3.5d–g) demonstrate that the contrast between H2O2 
collection currents over graphene/p-Au and pristine graphene decreased as the substrate potential 
was made less negative. The absence of significant ORR activity at -0.1 V (Figure 3.5g) shows 
that the currents are not attributable to exposed Au regions. Therefore, the observed local H2O2 
production over graphene/p-Au spots implies an activating contribution toward two-electron 
ORR from the Au underlayer. 
We repeated the same experiment on graphene/p-Pt substrates at various potentials. 
SECM line-scans (Figures 3.5c) and corresponding images (Figure 3.5h–k) over a graphene/p-Pt 
were tested. Comparing the results over graphene/p-Au (Figure 3.5d–g) and graphene/p-Pt 
(Figure 3.5h–k) suggests that the underlying metals have a profound impact on the catalytic 
activity observed over graphene. In fact, graphene/p-Pt requires 300 mV less overpotential to 
achieve an equivalent enhancement on graphene/p-Au. Pristine Pt is known to be a much better 
ORR catalyst than Au,
27, 28
 and it is interesting that this behavior is preserved even through a 





Figure 3.5 SECM maps of ORR products collected at graphene supported on p-Au or p-Pt. a, 
Schematic of SECM substrate-generation/tip-collection mode (SG/TC). The substrate generates 
H2O2 by a two-electron reduction of O2. A Pt UME is raster-scanned parallel to the surface while 
collecting the substrate-generated H2O2 and oxidizing it back to O2. b, Lateral scans across the 
graphene/Au region indicated in d with incremental deactivation of ORR at the substrate. 
Graphene supported on Au remains catalytically active at potentials too small to stimulate ORR 
at graphene on SiO2 wafer. c, Lateral scans across the graphene/Pt region indicated in h with 
incremental deactivation of ORR at the substrate. Graphene supported on Pt remains catalytically 
active at potentials too small to stimulate ORR at graphene on SiO2 wafer. Graphene/Pt exhibits 
electrocatalytic enhancement with substantially less input potential than required for 




(Figure 3.5 Continued) of 7.5 µm over graphene/p-Au with sequentially decreasing substrate 
activation towards ORR. The dashed circle indicates the approximate location of a circular Au 
underlayer. h–k, SECM SG/TC maps of substrate H2O2 production taken at a tip–substrate gap of 
8.8 µm over graphene/p-Pt with sequentially decreasing substrate activation towards ORR. The 
area between the two dashed circles indicates the approximate location of an asymmetric toroidal 
Pt underlayer. All data were obtained with a Pt UME (rPt = 12.5 µm, RG = 4) poised at 1.0 V vs. 
Ag/AgCl in a solution of 10 mM H2SO4 and 0.1 M Na2SO4 in O2-saturated water. 
To evaluate the possible d-band contributions, we conducted DFT-D calculations of the 
electronic properties of the 2D layered graphene/Au(111) and graphene/Pt(111) nanostructure 
materials. Pristine graphene showed semi-metallic behavior with a unique linear band structure 
around the Fermi level (EF), forming a Dirac cone at the Κ-point of its Brillouin zone as shown 
in Figure 3.6a. In contrast, graphene/Au(111) and graphene/Pt(111) exhibited metallic behavior 
and downshifting of the Dirac cone at the Κ point (Figure 3.6b, 3.6c). Total DOSs calculations 
show the charge carrier  density was redistributed in the form of an apparent electron transfer 
from Au(111) or Pt(111) layers to the graphene layer leading to an electron rich region around 
the EF  (Figure 3.6b, 3.6c). The majority of DOSs reflect the d-subshell of Au(111) (Figure 3.6b) 
or Pt(111) (Figure 3.6c). The catalysts’ surface electronic structure, especially the d-band center, 
is a determining factor for oxygen chemisorption energy, which is crucial to ORR kinetics.
2, 4
 
Because Au and Pt contribute significant and similar d-subshell structures to the total DOS, 
graphene/p-Au and graphene/p-Pt exhibit ORR activation potentials similar to those observed for 
Au and Pt. This explains the agreement in H2O2 onset potentials observed over metal-supported 




both demonstrate the substantial catalytic advantages achieved by the addition of underlayer 
metal supports for graphene.  
 
Figure 3.6 Electronic structure of (a) graphene, (b) graphene/Au(111), (c) graphene/Pt(111). 
Each panel contains the top view and side view of equilibrium structure, band structure, total 
DOSs, and projected DOSs for metal d-subshell electrons (exclude pure graphene system), from 
left to right. 
3.4 Metal Substrate Effects on Molecular Adsorption Layer above Graphene 
Although the results in Figure 3.5 show the clear influence of the underlayer metal, 




above metal-supported graphene, we designed a three-layer electrode consisting of FeOEP 
catalyst adsorbed on graphene and supported on a metal substrate. Interactions across graphene 
between the molecular adsorption layer with the metal substrate were then evaluated by 
comparing the ORR peak position and current intensity.  
FeOEP was shown to strongly adsorb onto graphene. Cyclic voltammetry (CV) of a 
tetrahydrofuran solution containing FeOEP on a graphene electrode shows a quasi-reversible 
charge transfer at ~ -0.3 V vs. Ag quasi-reference electrode (Ag QRE) for the Fe(III)/Fe(II) redox 
couple, and a reversible charge transfer process at ~ -1.4 V vs. Ag QRE for the Fe(II)/Fe(I) redox 
couple (Figure 3.7). 
 
Figure 3.7 CV at graphene taken at 0.1 V s
-1
 in a solution consisting of 0.2 mM FeOEP and 0.1 
M TBAPF6 in THF. 
Molecular electrocatalysis for ORR proceeds first through the Fe(III)/Fe(II) redox couple, 
so we now focus on this redox process. With a low solution concentration of FeOEP, adsorption 
of this molecule onto graphene dominates the voltammetric signatures. Figure 3.8a shows the 
gradual change of CVs at different scan rates for 0.5 µM FeOEP in tetrahydrofuran solution at 
graphene electrode. The peak current depends linearly on the potential sweep rate (Figure 3.8b), 
which indicates the surface-confined adsorption of FeOEP on the graphene electrode.
30




FeOEP on a wide variety of substrates exhibit a similar adsorption peak (Figure A.1). Integration 
of the peak current area yields the total charge transferred (Q), which in turn allows calculation 
of the surface coverage (Γ) (Figure 3.8c).
14
 This is described well by a Langmuir isotherm: 
Q = nFAΓ 
Γ = ΓsKC (KC+1)
-1 
From these calculations, the monolayer adsorption coverage (Γs) is 157 pmol cm
-2
 and the Gibbs 
free energy of adsorption (ΔGads) is -35.2 kJ mol
-1
. FeOEP thus formed an energetically-
favorable and stable layer on graphene. 
 
Figure 3.8 FeOEP adsorption behavior on graphene and CVs of ORR at various substrates. a, 
CVs of FeOEP adsorption on graphene at various scan rates. The solution consisted of 0.5 µM 
FeOEP and 0.1 M TBAPF6 in THF. b, Surface confined FeOEP adsorption behavior 
demonstrated by the linear fit of peak currents extracted from panel a as a function of the 




(Figure 3.8 Continued) integrated CV data taken in various concentrations of FeOEP. d, CVs of 
ORR at 0.1 V s
-1
 at various electrode combinations. The solution consisted of 10 mM H2SO4 and 
0.1 M Na2SO4 in O2-saturated water. The electrode structures are listed in Figure. 
Following FeOEP adsorption, the differential ORR activity of ten modified graphene 
substrates via CVs in O2-saturated 10 mM H2SO4 solution (Figure 3.8d) were tested. Each CV 
trace is the average of at least six individual tests, with their standard deviation zones available 
as Figure A.2. Adsorption of FeOEP on Au (FeOEP/Au trace) decreased the overpotential for 
ORR by 160 mV but also caused a decrease in the peak current compared to bare Au. This may 
reflect a shift to a predominantly two-electron route for FeOEP on Au. In contrast, since Pt is a 
much better electrocatalyst for ORR than either Au or FeOEP, adding a FeOEP layer to Pt 
(FeOEP/Pt trace) led to a negative potential shift of 230 mV  and a substantial decrease in the 
peak current compared to bare Pt. Detailed peak information is available as Table 3.1. This 
decrease in current reflects a mechanistic change from a predominantly four-electron route on 
bare Pt to a two-electron route for FeOEP on Pt, as observed for FeOEP on Au. Importantly, 
compared to FeOEP/Au and FeOEP/Pt, the presence of a graphene layer between the metal 
substrate and the molecular catalyst does not greatly affect the voltammetric response. The 
persistence of these differential ORR activation behaviors on modified substrates is evidence of 
electronic communication between the metal underlayer and the molecular adlayer through the 
graphene interface. Despite differences in the activation overpotential, the FeOEP/graphene/Pt 
and FeOEP/graphene/Au displayed similar current intensities, suggesting that the 
FeOEP/graphene overlayer plays a greater role in determining the overall surface mechanism 





Table 3.1 Extrapolated CV peak ORR currents and positions for the substrates in Figure 3.8d. 
Substrate Potential/V Current/µA 
Pt 0.40 566 
FeOEP/Pt 0.17 291 
FeOEP/Graphene/Pt 0.12 163 
Graphene/Pt 0.10 49 
Au -0.28 193 
FeOEP/Au -0.12 125 
Au/Graphene/FeOEP -0.05 178 
Graphene/Au -0.52 60 
Graphene -- -- 
FeOEP/Graphene -0.18 5 
To further verify the catalytic enhancement of FeOEP/graphene by a metal underlayer, 
SECM redox competition mode images (Figure 3.9a) were obtained over a FeOEP, graphene, 
and patterned Pt three-layer stacked substrate. In this mode, an Hg-capped SECM tip, chosen for 
its current stability, and the layered substrate were simultaneously biased to perform ORR, 
leading to decreased tip current over active substrate regions. Spatially heterogeneous 
consumption of O2 by the substrate at various activation potentials results from differences in 
surface reactivity and is reflected in the current registered at the probe. As the substrate potential 
decreased from +0.5 V to +0.1 V (Figure 3.9b–d), the FeOEP/graphene/p-Pt area became 
activated for ORR and thus decreased the local O2 concentration. When the substrate potential 
was pushed to -0.2 V (Figure 3.9e), the remaining FeOEP/graphene area was also activated for 
ORR, consuming O2 and decreasing the spatial contrast between currents registered at the SECM 
tip. The greatest contrast in ORR activity as measured by competitive depletion of O2 from 




expected from substrate CVs (Figure 3.8d). The agreement between the current distribution 
(Figure 3.9f) and the known metal underlayer geometry (Figure 3.3c, 3.3d) supports the 
conclusion that the enhanced O2 consumption at substrate is attributable specifically to electronic 
donation from the Pt underlayer to the molecular adlayer through the electronically “semi-
transparent” graphene interface. 
 
Figure 3.9 SECM maps of ORR activity at FeOEP/graphene supported on p-Pt. a, Schematic of 
SECM redox competition mode. The substrate and Hg-capped Pt UME are simultaneously 
biased to reduce O2. As the Hg probe is rastered parallel to the surface, it registers less current 
over electrocatalytically active regions due to localized O2 depletion. b–e, SECM maps of O2 
redox competition taken at a tip–substrate gap of 41 µm over FeOEP/graphene/p-Pt with 
sequentially increasing substrate activation towards ORR. f, SECM map of the active region 
centered at [X, Y] = [0 µm, 800 µm] in panel d. Electronic coupling with an asymmetric toroidal 




(Figure 3.9 Continued) graphene, resulting in the observed red annulus of low probe current. All 
data in panel b–f were collected with a Hg-capped Pt tip held at -0.6 V vs. Ag/AgCl in a solution 
of 10 mM H2SO4 and 0.1 M Na2SO4 in O2-saturated water. 
 
Figure 3.10 Electronic structure and electronic properties (band structures and density of states 
(DOSs), and projected DOSs for Pt d-subshell electrons from left to right) of the 
FeOEP/graphene/Pt materials. 
In order to further understand our results, we investigated the adlayer effects on the 
FeOEP catalyst considering atomistic models for the FeOEP/graphene/Pt and 
FeOEP/graphene/Au systems shown in Figure 3.10 and Figure A.3, respectively.  The atomistic 
simulations reveal that these structures have metallic behavior as depicted in the band structure 
and DOS calculations. The total DOS calculation shows a large electron density around the EF, 
and an increased charge density that is redistributed in the form of an apparent electron transfer 
from Pt or Au to the graphene layer.  This might explain the enhancement of the ORR catalytic 
activity. Furthermore, the DFT-D calculations predict the previously mentioned d-subshell 
donation effect of underlying metal can permeate through the graphene interface and couple with 




accumulation around the EF indicates high electron mobility, which is a significant factor for the 
electrocatalytic ORR. 
 
Figure 3.11 CVs of ORR at various Pt-based electrodes before and after CN
-
 poisoning. Pt (a) 
and FeOEP/Pt (b) electrodes both exhibited significantly decreased ORR activity following CN
-
 
poisoning, but FeOEP/graphene/Pt maintained similar behavior. This demonstrates the protection 
that graphene can provide against small molecular poisoners. 







, we foresee that understanding charge-transfer interactions between 
electrocatalytic components across thin structures will continue to gain momentum. Furthermore, 
ultra-thin interfaces may gain attention as a means of mitigating the deleterious effects of 
reactive environments on precious substrate metals, as shown by the cyanide exposure 
experiments in Figure 3.11. Here, the graphene layer provided a stable interface on which 
cyanide was not capable of poisoning the underlying Pt substrate, thus preventing the loss of 
activity of the metal and the desorption of FeOEP by site displacement. The ability to promote 
catalyst stability while retaining electrocatalytic performance as demonstrated here can inform 
the rational design of future electrocatalytic platforms, expand present technologies to otherwise 







3.5 Materials and Methods 
Materials. All chemicals were purchased from commercial sources and used as received. 
Sodium sulfate (99.0%), sulfuric acid (99.999%), tetrahydrofuran (anhydrous, 99.9%), 
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine iron(III) chloride (FeOEP), 
tetrabutylammonium hexafluorophosphate (TBAPF6, 99.0%), potassium cyanide (KCN, 96.0 %) , 
sodium hydroxide (NaOH, 98.0 %), ethylenediaminetetraacetic acid disodium salt dihydrate 
(Na2EDTA·2H2O, 99.0%), acetone (99.5%), dichloromethane (DCM, 99.9%), isopropanol 
(99.5%) and glacial acetic acid (99.5%) were all purchased from Sigma-Aldrich. Si wafers were 
purchased from Monsanto. Si wafer with a 300 nm SiO2 layer (Si/SiO2 wafer) was purchased 
from University Wafer. 25 µm copper foil was purchased from Alfa Aesar. Two poly(methyl 
methacrylate) (PMMA) solutions, NanoTM 950K A4 (MW 950,000 PMMA, 4 w. % solution in 
anisole) and 495K A2 (MW 495,000 PMMA, 2 w% solution in anisole), were purchased from 
MicroChem. Copper etchant (CE-100) was purchased from Transene Company. Deionized water 
(DI water) was filtered using a Millipore system. Ultra-high purity (UHP) argon was obtained 
from Airgas. 
Graphene growth and transfer. Graphene was fabricated by chemical vapor deposition 
(CVD) on 25 µm thick copper foil. Copper foil was pre-treated by sequential exposure to acetone 
for 10 s, DI water for 10 s, acetic acid for 10 min, DI water for 10 s, acetone for 10 s, and lastly 
isopropanol for 10 s.
47
 Following this cleaning procedure, the copper foil were placed in a tube 
furnace at 1000 ℃ and 40 mTorr with 100 sccm CH4 and 50 sccm H2 flowing for 25 min.
48  
A wet-etching procedure was applied to transfer graphene onto various substrates as 
described below. After CVD growth, the exposed surface of graphene supported on Cu foil was 




495K A2 layer and the two subsequent 950K A4 layers were each followed by a 2 min curing 
process at 200 ºC. The combined PMMA/graphene/Cu substrates were placed in copper etchant 
solution and allowed to float there at 40 C for 4 h to dissolve the Cu foil. To eliminate any 
residual Cu metal, the floating PMMA/graphene sheets were subsequently rinsed with DI water 4 
times, exposed to 0.1 M Na2EDTA for 1 h, and then rinsed again with DI water 4 times. Cleaned 
graphene/PMMA sheets were transferred onto the desired substrates and then blow-dried with 
UHP argon. The protective PMMA layers were then dissolved by sequential exposure to anisole 
for 2 h, a DCM:acetone mixture (1:1 vol.) for 4 h, and lastly isopropanol for 2 h.  
Substrate Fabrication and Characterization. Physical deposition methods were 
applied to fabricate metal substrates, including a 100 nm thick Au film on Si wafer, a 100 nm 
thick Au pattern (p-Au) on Si/SiO2 wafer, a 100 nm thick Pt film on Si wafer, and a 100 nm thick 
Pt pattern (p-Pt) on Si/SiO2 wafer. Electron beam evaporation was used to deposit Au 
films/patterns, and sputtering deposition was used to make Pt films/patterns. Shadow masks of a 
square array of 100 μm holes with a 500 μm center-to-center distance were used to produce Au 
and Pt patterns. Due to a broadening effect in the sputtering method, each individual spot in the 
Pt pattern was a 200 μm asymmetric toroid. Graphene was fabricated using a previously 
published CVD method
49
 and transferred to different substrates by a wet-etching process. 
Detailed procedures can be found the Supporting Information. Graphene on Si/SiO2 wafer, 
graphene on metal films, or graphene on patterned metal substrates were characterized by optical 
microscopy (Zeiss AxioLab.A1), scanning electron microscopy (SEM, Philips XL30 ESEM-
FEG), and Raman spectroscopy (Nanophoton Laser Raman Microscope RAMAN-11). 
Porphyrin Adsorption Properties on Graphene. To declare the stability of the FeOEP 




inside an MBRAUN UniLab glovebox filled with UHP argon and with less than 0.1 ppm each of 
oxygen and moisture. Electrochemical measurements were carried out with CH Instrument 920D 
workstation in a three electrode configuration with Pt wire as the counter electrode, Ag wire as a 
QRE, and graphene on Si/SiO2 wafer as the working electrode. CVs of FeOEP in bulk solution 
and adsorbed on graphene were tested in 0.5, 1.0, 1.5, 2.0, 2.5, and 200 µM FeOEP THF solution 
with 0.1 M TBAPF6 as supporting electrolyte at various scan rates. 
ORR Activity Measurements. CV and SECM experiments were performed to obtain 
bulk and localized information of ORR activity of various electrode structures, using CH 
Instrument 760E bipotentiostat and CH Instrument 920D workstation, respectively. A Au wire 
counter electrode and a Ag/AgCl reference electrode were used in all cases. All experiments 
were performed in O2-saturated 10 mM H2SO4 aqueous solution with 0.1 M Na2SO4 as the 
supporting electrolyte. Oxygen saturation was maintained by bubbling oxygen into solution 
through a humidifier for 10 min before testing and keeping an oxygen blanket over the solution 
during testing. 
The bulk ORR behavior on various substrate electrodes and modification conditions – Au, 
Pt, graphene, graphene/Au, graphene/Pt, FeOEP/graphene, FeOEP/Au, FeOEP/Pt, 
FeOEP/graphene/Au, and FeOEP/graphene/Pt, CN
-
 treated Pt, CN
-
 treated FeOEP/Pt, 
CN
-
 treated FeOEP/Graphene/Pt – was collected through CV. The exposed working electrode 
area was 7 mm
2
 (3 mm diameter). All CVs were performed with a 0.1 V s
-1
 potential scan rate. 
FeOEP-modified substrates were fabricated by coating substrates with a solution of 0.1 mM 
FeOEP in THF for 10 min. These were then rinsed 2 times with THF and 3 times with DI water 




substrates with a 10 mM KCN in 0.1 M NaOH aqueous solution for 30 min inside a fume hood. 
Followed by thorough rinsing of 3 times with 0.1 M NaOH solution and 3 times with DI water. 
The effect of metal substrates on ORR kinetics above graphene was investigated by 
SECM using a Pt tip (rPt = 12.5 µm) as the primary working electrode and a graphene-covered 
patterned metal substrate (graphene/p-M, M = Pt, Au. Total working area = 7 mm
2
) as the 
secondary working electrode. The Pt tip was approached with open circuit negative feedback 
while poised to reduce O2 to a final distance of 7.5 µm from the graphene/p-Au and 8.8 µm from 
the graphene/p-Pt. SECM images were collected using the substrate-generation/tip-collection 
mode, in which substrates were biased at various potentials to reduce O2, while the Pt tip was 
held at 1 V vs. Ag/AgCl to locally oxidize the H2O2 generated from the substrate.
31, 50, 51
  
The effect of a metal substrate on an adsorbed molecular layer across graphene was 
investigated by SECM using a Hg-capped Pt tip (rPt = 12.5 µm) as the primary working electrode 
and a FeOEP/graphene/p-Pt substrate (total working area = 7 mm
2
) as the secondary working 
electrode. The traditional Pt UME was exchanged for a Hg-capped Pt UME so as to mitigate 
electrode fouling by residual impurities from FeOEP adsorption procedure. The fabrication of 
Hg-capped Pt UME is delineated elsewhere.
52
 The probe was approached to a final tip–substrate 
gap of 41 µm while monitoring negative feedback of O2 reduction. SECM images were collected 
using the redox competition mode, in which the probe and the substrate were simultaneously 
poised to reduce O2. 
Computational Details. First-principle calculations were performed with the 
CRYSTAL14
53
 suite program. All the structures were optimized with the dispersion-corrected 
hybrid B3LYP, B3LYP-D2
54-60
 method (i.e. DFT-D) which has been shown to give correct 
electronic properties of the 2D layered materials.
45




three stacked metal atom layers in a 2x2 supercell. Simulations of graphene adsorbed on Au(111) 
and Pt(111) consisted of a graphene  monolayer placed on the top of  the appropriate metal atom 
layers and about ~500 Å vacuum region. The equilibrium geometry of the graphene/Au(111) and 
graphene/Pt(111) materials are shown in Figure 3.6b, 3.6c. We choose the in-plane lattice 
constant of graphene equal to its optimized DFT value (a=b=2.445 Å) adapting the lattice 
constants of the metals accordingly as initial guess to construct the multilayer models, adopting 
the lattice constants of the metal accordingly. The graphene honeycomb lattice is matched with 
the triangular lattice of the metal-(111) surfaces of both Pt and Au in the lateral unit cells shown 
in Figure 3.6b, 3.6c, 3.10. These atomistic simulation models were fully relaxed to a threshold 
value of 10
-7
 dyne/Å for the force and 10
-7
 hartree per particle for the energy. In the present 
computation, triple-zeta valence with polarization quality (TZVP) basis sets were used for the H, 
N, C, Cl
61
 and Weihrich basis sets with effective core potential (ECP)
62-64
  for both Pt and Au. 
Integrations inside of the first Brillouin zone were sampled on 15x15x1 Monkhorst-Pack
65
 k-
mesh grids for graphene/Pt(111) and graphene/Au(111), while 5x5x1 k-mesh grids for 





Our multi-faceted study of graphene as an electrochemical interface reveals the ability of 
underlayer metals to impact inner-sphere reactions through electronic interactions across its 
ultra-thin bulk. DFT-D computations suggest that the substrate-enhanced behavior may be 
explained by electronic contributions from metal substrates, which change the effective DOSs 
and EF of the system. Detection of H2O2, the main product of ORR at graphene, is consistent 




structure. Of interest however, an earlier onset of activity was observed for H2O2 generation 
when either Au or Pt was used as underlayer metals, in comparison to bare graphene.   
CVs at a wide variety of electrodes demonstrate that this electronic donation further 
extends across a mediating graphene interface to couple with an adsorbed electrocatalyst (FeOEP) 
and enhance its ORR performance. We measured the stability of an adsorbed FeOEP layer on 
graphene via construction of its isotherm, and confirmed that the presence of the underlayer 
metal leads to electrocatalytic enhancement. These enhancements were unambiguously probed 
via SECM maps of O2 consumption on metal underlayer patterned electrodes, showing 
agreement with CV measurements and removing any uncertainties related to sample preparation. 
Mirroring the observations on bare graphene, the FeOEP/graphene surface played the major role 
in guiding the ORR mechanism, while the metal substrate contributed more substantially to the 
observed activation potential. 
Graphene’s capacity to adsorb molecules and its similarity to commonly used graphitic 
supports highlight the potential of our platform to design new schemes for the ORR. The ability 
to influence electrocatalysis from behind an electronically “semi-transparent” yet physically 
impermeable interface allows remote tuning of existing catalysts while also enabling the 
development of unprecedented electrocatalytic hybrid architectures. Ultra-thin interfaces such as 
graphene also offer cost-effective protection against leaching and fouling of metallic catalysts, 
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LI ION INTERCALATION ON FEW-LAYER GRAPHENE —  





Li-ion batteries are a mature rechargeable energy storage platform that utilizes the 
reversible intercalation of Li
+
 into carbonaceous materials and transition metal oxides used as 
anodes and cathodes respectively. Graphite’s intrinsic layered structure has made this material a 
workhorse in the battery community for Li-ion battery anodes. In the past few decades, research 
on the layered properties of graphitic anode materials has focused on exploring its intercalation 
mechanisms,
1-3
 solid-electrolyte interface (SEI) formation, composition and structure,
4-6
 and 
ways to improve its structural stability and cyclability.
7-9
  
The emergence of carbon-based two-dimensional materials, such as electrodes composed 
of few layers of graphene (FLG),
10-12
 have prompted the search for materials with a distinct or 
superior performance towards intercalation than that of bulk graphite. Arguments for 
improvements over graphite tend to gravitate towards the enhanced electrical properties of 
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graphene, their large surface area, or their processability.
13-16
 However, other fundamental 
differences in the intercalation mechanism of Li
+
 on FLG can be proposed. Here, we address the 
question of whether graphite's bulk properties for Li
+
 intercalation and SEI formation are 
maintained in a carbon material with a finite number of layers, or if they take on electrochemical 
properties unique to themselves.  
The Li
+
 intercalation process into graphite follows a staging mechanism, in which Li ions 
do not randomly insert into any available empty interlayer galleries simultaneously, but instead 
intercalate into specific interlayers at a time.
17-20
 It has been reported that Li ions first randomly 
occupy available sites (dilute stage-1, LiC72), then diffuse to fill every four layers of the 
graphene planes (stage-4, LiC36), and finally concentrate to fill every three (stage-3, LiC27), two 
(stage-2, LiC12), and one (stage-1, LiC6) layer(s) respectively.
8, 21
 Thus, in graphite the 
intercalation process is strongly dependent on the number of neighboring delithiated interlayers 
at any given time. FLG naturally displays limited numbers of available intercalation sites; 
therefore, we hypothesize that the staging of lithiation will be necessarily limited as certain 
charge stages are not accessible.  For example, stage-4 may not be possible in FLG with less than 
5 layer graphene. With limited interlayers for Li
+
 intercalation in FLG, this process might reveal 
different phase transitions between stages and a deviation from intercalation potentials when 
compared to bulk graphite. 
Apart from Li
+
 intercalation, a solid-electrolyte interphase (SEI) is also generated at the 
early stages of cycling on graphite anodes. The SEI forms because the negatively polarized 
anode causes the degradation of electrolyte and solvent, causing deposition of inorganic and 
organic decomposition products, onto the surface of the graphite. However, after formation and 




largely electronically insulating, thus blocking electron transport across it.
4-6
 Yet, even with the 
SEI completely formed, the anode maintains high Li
+
 conductivity which ensures long term 
cyclability. Compared to graphite, FLG has similar surface properties and electrochemical 
characteristics,
22
 thus may exhibit similar SEI formation processes. However, the stability of the 
SEI on FLG, together with its electronic and ionic conductivity properties, have not been fully 
addressed.  
In this paper, we explored Li
+
 intercalation and SEI formation on FLG via stationary 
voltammetry and electrochemical imaging methods. Two synthetic routes were used to fabricate 
FLG. One consisted of the direct growth of multilayer graphene (MLG), which had on average 
10 graphene layers. The other methodology consisted of the layer-by-layer transfer of bilayer 
graphene (BLG), to controllably produce layered number graphene samples (2-6 layers). FLG 
samples revealed a layer number dependence for the number and location of intercalation peaks, 
which is representative of the existence of a staging-type mechanism.  
Previous studies of the SEI on graphite were focused on the structural, compositional and 
stability changes with different carbon materials, solvents, electrolytes, and temperatures using 











 Electrochemical impedance spectroscopy (EIS) is the most common 
method to explore SEI’s conductivity after formation, but the information from these 
experiments is spatially-averaged.
27
 Here, we introduce scanning electrochemical microscopy 
(SECM) to visualize in situ the local electronic transfer and ionic transport properties of FLG 
electrodes after SEI formation. SECM is a powerful tool to image highly localized substrate 
electrochemical processes, and provides a convenient platform to test comparisons between 




electrode was used to sense and image local electrochemical kinetic changes before and after SEI 
formation through SECM feedback experiments. Additionally, a Hg-capped Pt ultra-micro 





 uptake into FLG with a formed SEI layer. Spatially-resolved information about 
electron transfer kinetics and ionic transport of SEI coated MLG samples provided details of SEI 
layer behavior changes in situ, and guided us to better understand the SEI properties on ultra-thin 
FLG samples. 
4.2 Few Layer Graphene Characterization 
 
Figure 4.1 Spectroscopic characterization of FLG samples. a, Raman 2D/G intensity ratio 
mapping of CVD-grown BLG sample on Si/SiO2 wafer. The graphene is primarily composed of 




(Figure 4.1 Continued) samples: BLG, 4LG, and 6LG. Each transfer maintained the 2D/G 
intensity ratio double layer characteristics of BLG but contribute to accumulated spectrum 
intensity. c, Raman 2D intensity mapping multiple graphene transfers. From top to bottom: SiO2, 
1 times transferred BLG, 2 times transferred 4LG, 3 times transferred 6LG, respectively. Each 
layer can be easily identified through its intensity change and the observed sharp edges between 
layers. d, Raman 2D intensity mapping of directly grown MLG sample. The sample consisted 
mostly of micron sized MLG domains (bright region), decorated with few SLG (grey region) and 
holes (black region). The Raman spectra of MLG and SLG region is shown in e. f, UV-Vis 
transmittance of layer-by-layer transferred BLG, 4LG, and 6LG samples, together with directly 
grown MLG samples (~ 10 layers). 
In order to explore Li
+
 intercalation into FLG with different number of layers, two 
different types of graphene substrates were grown using chemical vapor deposition (CVD). One 
CVD method reliably produced double layer graphene, which after layer-by-layer transfer, 
yielded graphene with 2, 4 or 6 layers as needed. The other CVD method directly grew 
multilayer graphene. Figure 4.1 summarizes the properties of different graphene samples. The 
Raman 2D/G ratio mapping in Figure 4.1a reflects the double layer structure of graphene, which 
displays a 2D/G intensity ratio around 1.
29, 30
 
Graphene samples showed a uniform and continuous sheet with tens of microns domain 
size. After layer-by-layer transfer of bilayer graphene sheets, 2-layer, 4-layer and 6-layer 
graphene substrates were obtained. Figure 4.1c is the Raman 2D intensity mapping of a three 
times transferred graphene sample where each layer can be recognized with sharp edges, 
indicating the integrity of these samples was maintained after a layer-by-layer wet transfer. A 




are shown in Figure 4.1b. From these spectra, it is clear that each layer preserved a 2D/G 
intensity ratio of about 1, and double and triple transferred samples exhibited 2 or 3 times higher 
intensities.
31
 With this method, we can successfully manufacture bilayer graphene (BLG), 4 layer 
graphene (4LG), and 6 layer graphene (6LG) samples verified by Raman analysis. Figure 4.1d 
shows the Raman 2D intensity mapping of directly grown multilayer graphene (MLG), where 
Raman spectra of representative areas in MLG are shown in Figure 4.1e. In this Figure, the white 
areas are multilayer graphene domains, grey areas are single layer domains, and black areas are 
holes. Additional methods were used to characterize graphene samples for verification. The 
gradual decrease of UV-Vis transmittance (Figure 4.1f) for the progression from single, double 
and triple layer-by-layer transferred bilayer graphene on glass agrees well with Raman images. 
According to previous reports, single layers of graphene contribute to a 2.3 % transmittance 
decrease at 550 nm,
32
 as quantitatively observed for our 2, 4, and 6 layer graphene sheets. From 
the transmittance data of MLG (~ 76 %), this material was roughly equivalent to 10 layers of 
graphene. 
4.3 Patterning Few Layer Graphene 
After successfully making the graphene samples (2, 4, 6 layer graphene and directly 
grown multilayer graphene), photolithography and reactive ion etching methods were applied to 
create ionic openings for Li
+
 to intercalate in-between graphene sheets. The fabrication 
procedure is summarized in Figure 4.2a, the graphene on Si/SiO2 wafer sample - ① went 
 S1813 photoresist - ②, 
RIE etching of exposed graphene under S1813 windows - ③, and stripping off the rest of 





Figure 4.2 FLG patterning procedure and results. a, schematic procedure to create point of entry 
holes for ionic intercalation on FLG. Graphene samples - ① were patterned via photolithography 
with S1813 as photoresist, leaving patterned 3 μm window openings - ②. Oxygen plasma was 
applied to etch exposed graphene area - ③. After carefully removing photoresist, patterned 
openings were generated on FLG sample - ④. b, SEM image of patterned MLG sample. c, SEM 
image of patterned SLG sample (exfoliated BLG sample). This last image was taken after days 
of electrochemical experimentation with SLG. 
As shown in Figure 4.2b and 4.2c, the patterned openings were imbedded into the 
graphene basal planes and generated additional edge planes for Li
+
 to intercalate. Figure 4.2b is 
the SEM of patterned MLG before intercalation test which matches well with the Raman image 
in Figure 4.1d. Figure 4.2c is the SEM image of patterned “bilayer graphene” after days of 
experimentation in electrolyte. The graphene sheets maintained their integrity without any 




patterning process, the top layer of bilayer graphene peeled off and left only the bottom layer on 
Si/SiO2 wafer intact, which is referred as a patterned SLG later. The stripping of the top 
graphene layer might originate from the strain generated from the Si/SiO2 substrate,
33
 which 
decreases the attraction between bottom and top basal planes. The stripped top graphene layer 
came off during the acetone rinsing step that removes the photoresist, thus BLG was not obtained 
for electrochemical experiments. Instead we used the resulting SLG surface.  
4.4 Layer Number Dependent Intercalation Behavior 
 
Figure 4.3 Cyclic voltammograms of FLG. a, Cycling behavior of MLG; the first cycle is 




(Figure 4.3 Continued) SEI region and Li
+
 intercalation region are shown in b and c, respectively. 
In b and c, the sixth (last) cycle is labeled in green. d, cycling behavior of patterned SLG sample 
with first cycle labeled in red. After stabilization, the last cycle in the intercalation region is 
shown in g. Similarly, e and h, f and i are the full cycling CVs and stabilized intercalation 
behaviors for 4LG and 6LG respectively. Test condition: 0.1 M LiBF4 in 50:50 ratio PC/EC, 





We first examined Li
+
 intercalation into MLG. The first several full CV cycles of MLG 
are shown in Figure 4.3a, and can be divided into two regions: SEI formation and Li intercalation, 
in which the zoomed-in results are shown in Figure 4.3b and 4.3c. The SEI formation region is 
mainly located between 3.0 V – 0.4 V vs. Li/Li
+
 and has multiple peaks and evolution with 
cycling that match well with previously reported results of graphite.
4, 34
 Only a small portion of 






In the first cycle (red curve in Figure 4.3b), the SEI formation was activated on the MLG 
surface. Due to the self-passivating nature of the SEI, less of it was generated with each 
subsequent cycle until no new growth is evident after the sixth cycle (highlighted as green curve 
in Figure 4.3b). In comparison, the Li
+
 intercalation region in Figure 4.3c had much less change 
from cycle-to-cycle, nearly maintaining the same current levels and intercalation potentials. 
Comparing the first cycle (red curve in Figure 4.3c) to previous studies on graphite with a sub-
m thickness,
21
 we can assign the three intercalation peaks at 0.22 V, 0.14 V, and 0.11 V to 
changes between dilute stage 1 to stage 4, stage 3 to stage 2, and stage 2 to stage 1, respectively. 
For all of the scan rates in CV tests of FLG samples, we chose a scan rate of 1 mV/s. Previous 




however the fast diffusion of Li in FLG makes the relatively high scan rate possible while still 
maintaining distinguishable CV signals.
35
 On FLG with more than 10 layers, i.e. MLG, the full 
spectrum of Li insertion staging steps is observed, consistent with bulk graphite. This result 
substantiates our hypothesis that fewer layer graphene electrodes are required to explore the 
early state staging mechanisms.  
Preliminary studies of Li
+
 intercalation on unpatterned BLG, 4LG and HOPG (highly 
oriented pyrolytic graphite) showed no clear evidence of this process due to the low mechanical 
defect density of the samples used. Figure B.1 shows voltammograms of these samples where 
unstable electrochemical signals were obtained, and often exfoliation was observed. It is known 
that the intercalation of Li ion occurs through the edge plane of graphite, such that high-quality 
pristine unpatterned FLG electrodes do not contain enough points of access for Li ion insertion.
36
 
When patterned, SLG, 4LG and 6LG displayed contrasting intercalation signatures. Full CVs of 
the first several cycles of these three samples are shown in Figure 4.3d–f. They all display a 
similar SEI evolution region between 3.0 V and 0.4 V, but have diverse intercalation properties 
between 0.4 V and 0V. In all three curves, the SEI formation follows the same trend as MLG 
where there is an initial conditioning and growth which eventually stabilizes after several cycles. 
Similar conditioning steps also appeared in the Li
+
 intercalation regions of patterned SLG, 4LG 
and 6LG. The steady intercalation behaviors for these samples are summarized in Figure 4.3g–i, 
which displays the last voltammetric cycle in each. As expected, due to the lack of galleries 
found between adjacent graphene sheets, in SLG (Figure 4.3g) no intercalation occurs.  While 
we cannot discard a contribution from adsorbing ions or Li plating to the electrode, intercalation 




attributed to SEI formation, since the position matches well with the SEI peak observed at 0.4 V 
in MLG. Additionally, this signal fades and is not observable in subsequent cycles (Figure 4.3d).  
Table 4.1 Intercalation and de-intercalation peak distributions of 4LG, 6LG and MLG.
a
  
 4LG 6LG MLG 
Intercalation -- 3 -- 0.38-0.27 0.259-0.21 
Intercalation -- 2 
0.12-0.06 0.25-0.07 
0.16-0.13 
Intercalation -- 1 0.13-0.06 
De-intercalation -- 1 0.17-0.23 0.08-0.19 0.10-0.18 
De-intercalation -- 2 0.36-0.44 0.23-0.37 0.18-0.21 
De-intercalation -- 3 -- 0.39-0.63 0.22-0.26 
a
 Data were derived from Figure 4.3c (first cycle), 4.3h, and 4.3i. 
In contrast to SLG, patterned 4LG and 6LG (Figure 4.3h and 4.3i) have clearly 
observable intercalation/de-intercalation peaks. The intercalation and de-intercalation peak 
ranges are summarized in Table 4.1 and Figure B.2. Since there are only four graphene sheets in 
4LG, two de-intercalation peaks reflect the changes between stages 3/2, and 2/1, observed at 0.4 
V and 0.2 V, respectively. However, in the intercalation region only one broad peak exists. We 
note a similar phenomenon for MLG, shown in Figure 4.3c, in which the two intercalation peaks 
at 0.14 V and 0.11 V (red curve) gradually merge into one broad peak (green curve). 
Consequently, the two intercalation peaks in 4LG could presumably also combine into one signal. 
However, the reason for this merging of peaks might be of different origin. In MLG at least, the 
evolution of intercalation peaks suggests that it might come from a conditioning of the material, 
where structural changes induced by multiple Li ion insertions and extractions lead to a 
distribution of intercalation sites. When the direction of the potential sweep is reversed, the back 
diffusion and de-intercalation of Li-ion is largely controlled by the intrinsic properties of the 




number of graphene is increased to 6 layers, there are sufficient graphene sheets for all four 
staging states to be observed. 
 
Figure 4.4 Schematic diagram of 4LG, 6LG and MLG sample structures. Solid-electrolyte 
interphase (SEI), graphene sheets, SiO2 wafer substrate, together with the SEI/graphene and 
graphene/substrate interfaces are indicated in Figure.  
From Table 4.1 and Figure 4.3c, 4.3h and 4.3i, we noticed a continuous shift of first and 
second de-intercalation peaks among 4LG, 6LG and MLG. Assuming MLG represents mostly 
bulk graphite’s properties, the positive potential shifts at 4LG and 6LG might come from the 
effect of SEI/graphene and graphene/substrate interface. The chemical environment induced by 
these two interfaces might shift the energetics of the de-intercalation process. As shown 
schematically in Figure 4.4, the impact of these interfaces decreases as FLG transitions into 
MLG by forming a better-defined bulk.  We also note that differences in the background currents 
in Figure 4.3c, 4.3g, 4.3h, and 4.3i, likely result from different contributions of each sample to 
their capacitive current and from residual SEI growth. SLG showed the lowest background 
current, reflecting its lowest activity towards reaction with Li and its lowest density of states 
which contribute to its capacitance.  4LG, 6LG and MLG displayed a similar background current 
              




of 0.8 µA, 0.3 µA, and c.a. 1.0 µA respectively, which was observed to decrease with an 
increasing cycling number. 
We note that the observed peaks in 6LG are broader than those in 4LG. We believe this is 
a consequence of the broader range of configurations and interactions available with a growing 
number of layers. Observing a progressive change is important in the context of the effects that 
turbostratic disorder, i.e. random rotations and translations on pairs of graphene layers, 
potentially brings to the response of the lithium intercalation signal.
20
 In the layer-by-layer 
transfer procedure used here, it is difficult to control turbostratic disorder, however, we believe 
that the existence of such disorder does not preclude the validity of the number of layer 
dependent observations done here. In the first place, 4LG and 6LG samples displayed marked 
voltammetric differences as a function of the number of layers, despite being produced using a 
common building material, i.e. bilayer graphene. Even if the galleries formed by the layer-by-
layer transfer stacking of two BLG sheets were less active than the ones formed by the native 
BLG, ionic interactions between Li
+
 ions would still be expected to occur and to affect the 
electrostatic interactions perpendicular to the surface. Secondly, lithiation is capable of inducing 
the re-stacking of layers, provided the material is capable of accommodating the necessary 
structural changes.
20, 37
 As observed during our transfer procedure, “peeling off” of monolayer 
graphene is possible, thus our layers are probably less bound than on natural graphite. This might 
facilitate structural changes after a few lithiation cycles and relieve some of the original 
turbostratic disorder. Finally, turbostratic disorder has been shown to strongly impact the amount 
of Li
+
 that can be intercalated on carbons. The integrated charge of the de-intercalation peaks in 
Figures 4.3h and 4.3i, shown in detail in Figure B.2 and Table 4.1, yields the equivalents of Li
+
 




theoretical charge), and 6LG has 15.7 µC (65 % of calculated theoretical charge). Both Figures 
show evidence for a largely lithiated interface. Even with a relatively fast scan rate and 
turbostatic disordered structures, FLG can still maintain enough ability for Li insertion.
19, 20, 38
 
The observations provided in this article set a precedent in which new mechanistic insights 
derived from the transition of bulk graphite to an atomically thin interface can be explored.  
4.5 In-Situ Monitoring SEI Growth via SECM 
In addition to its intercalation behavior, it is instructive to explore the similarities and 
differences in the electronic and ionic surface reactivity of graphene in the context of our current 
understanding of carbon materials. Specifically, we addressed the evolution of SEI conductivity 
and the role of the fabricated ionic-channels in facilitating Li ion intercalation. For this purpose 
we used scanning electrochemical microscopy, a versatile tool for detecting reactivity at 
operating electrodes. In order to further explore the properties of the SEI, SECM operated in the 
feedback mode (Figure 4.5a) was used to image the spatially resolved rate of electron transfer of 
a patterned MLG electrode at various stages of SEI formation. According to the CVs of FLG 
(Figure 4.3), all electrodes displayed qualitatively the same SEI evolution process. Because 
MLG gave larger intercalation signatures, this electrode was chosen as representative of FLG 
samples to study SEI properties. When a nano-dimensioned SECM tip was first approached to a 
pristine substrate of patterned multilayer graphene, positive feedback was observed indicating 
that the substrate was electronically conductive, even at open circuit when unbiased (Figure 4.5c, 
black curve). SECM imaging was performed at various substrate potentials to observe the 





Figure 4.5 Feedback SECM imaging of SEI formation on fresh patterned MLG. a, Schematic 
diagram of SECM feedback mode for the imaging of patterned MLG. The SECM tip was 
scanned over the substrate at 133 nm of tip-substrate distance. N,N,N’,N’-tetramethyl p-
phenylenediamine (TMPD) was used as a redox mediator. This species was oxidized at Pt tip 
while MLG reduced it back, generating a feedback signal. b, CVs comparing a fresh patterned 
MLG substrate (blue) and after SECM experimentation (red) showed no change in the 
intercalation signatures, but a fully-developed SEI with no further electrochemical evidence of 
growth at the end of the experiment.  The dashed lines represent the selected substrate potentials 
for imaging, chosen to be before and during SEI formation. c, Tip approaching curves to MLG 
surface before/after SEI formation, which indicate that the fresh MLG surface is electroactive 
while the formation of the SEI layer blocks electron transfer. The limiting tip current far from the 
substrate was 9.3 × 10
-10
 A. d-f, SECM feedback images of TMPD at various substrate potentials 





Open circuit SECM images (Esub ~ 3.3 V vs. Li/Li
+
) revealed nano-resolved features on 
the surface with clearly identifiable circular patterns on the substrate that correspond perfectly to 
the fabricated graphene patterns observed under SEM with the same center to center distances 
for the holes. SECM images were collected at progressively more negative substrate potentials at 
a tip-substrate distance of 133 nm. As pointed out through the dashed lines in Figure 4.5b, we 
chose conditions before, during and after SEI formation, at 2.6 V, 1.2 V and 0.07 V vs. Li/Li
+
 
respectively. The SECM image at Esub 2.6 V (Figure 4.5d) shows good contrast between 
patterned holes and the MLG surface, with some contrast at defective regions that respond more 
to substrate overpotential. These defect regions have faster electron transfer kinetics than pristine 
graphene and have been observed previously via SECM
39




In following images, the substrate potential was ramped more negatively, now forming an 
SEI, which progressively showed a decreasing tip feedback response due to decreased substrate 
kinetics (Figure 4.5e and 4.5f). An overall decrease in tip current observed starting at Esub 1.2 V 
(Figure 4.5e), suggests the formation of a homogeneous SEI layer that partially hinders electron 
transfer at MLG surface. At Esub 0.07 V (Figure 4.5f), the pattern was indistinguishable, yielding 
only negative feedback to the tip signal. Negative feedback suggests a slowed-down regeneration 
of the mediator, indicative of lowered substrate kinetics that are unable to keep up with the mass 
transport imposed by the tip. We note that the impact of the SEI on electron transfer is opposite 
to that expected by a large overpotential for the mediator regeneration reaction at the substrate. 
However, the growing SEI on the surface caused the surface to no longer be electronically 
conductive.
41-43
 The contrasting behavior of the surface before and after SEI formation is also 




original surface heterogeneity is eliminated after complete coverage of the substrate with the SEI 
(Figure 4.5f). The substrate was verified to still be electrochemically active after SECM imaging 
by measuring a voltammogram in which the intercalation of Li
+
 is still clearly visible (Figure 
4.5b – red curve). However, the SEI remained as a passivating layer, blocking electron transfer 
to TMPD even an image performed in the conditions of Figure 4.5d was repeated (Figure B.3).  
4.6 Li
+
 Flux Changing During Intercalation 
 
Figure 4.6 Li-ion flux study of MLG sample after SEI formation. a, CV-SECM image of 
patterned MLG sample after SEI formation-left. Substrate was biased at 0.07 V to intercalate Li
+
 
for all experiments shown here. A series of CVs were taken at each position at 25 V/s with 5 μm 
steps, each pixel is the integrated stripping charge of CV, which reflects amplified changes in the 
local Li
+
 concentration. Blue-shifted signals represent areas of lower Li
+
 concentration, therefore 
indicating a larger flux towards the substrate electrode. Their distribution matches with the 
patterned hole openings designed for Li
+




(Figure 4.6 Continued) right for comparison. The X direction served as the long axis of the raster 
scan. The off-scale data (dark red color) and pixels where no data was taken (mesh pattern) in the 
first column of the image is likely an experimental or instrumental artifact. b, Local stripping tip 
voltammograms showing the tip current as function of tip potential over an active hole (left, on 
top of 3 μm ionic channel) and over the less active MLG surface (right), while the substrate 
activates Li
+
 intercalation at various potentials imposed to the substrate. c. Percentage change of 
amalgamation and stripping peak currents derived from b, showing the clear potential 
dependence of Li
+
 flux into the holes but not on the MLG surface.  
Each pixel in the CV-SECM image (Figure 4.6a-left) collected with our mercury probes 
corresponds to the stripping charge calculated from the integrated current of stripping Li
+
. While 
the mercury capped SECM tip was measuring stripping voltammetry at every pixel, the substrate 
was continuously poised at 0.07V in order to have intercalation of Li
+
 occur. While a constant 
background is present in the entire image due to a flux of Li
+
 from the electrolyte into the probe, 
the spots in the CV-SECM image that have the lowest stripping charge correspond to regions on 
the substrate that give the most competition for the local source of Li
+
 and are seen in blue. This 
scheme of redox competition has previously been used in SECM to generate high resolution 
images that do not require the tip to be extremely close to the substrate.
48, 49
 The blue spots in the 
CV-SECM image match well with the spatial distribution of the etched openings in the graphene 
pattern (Figure 4.6a-left), showing that the substrate design is indeed facilitating Li
+
 intercalation 
and that the formation of the SEI is not consuming the underlying active material. To further 
demonstrate this effect at specific sites, the Hg probe was placed directly on top of both a hole 
opening area and flat MLG surface. SECM tip CVs at various substrate potential were collected 




current changes shown in Figure 4.6c. A decrease for both amalgamation and stripping currents 
was observed at the etched holes, which contain edge plane openings that induce strong 
competition for Li
+
 at these sites. In contrast, stripping CVs right above MLG basal planes 
remained constant without any dependence on substrate potential. Collectively, these 
observations demonstrate that Li ions migrate into graphene interlayers more efficiently through 
the edge planes. This work would be the first time that SECM has been used to visualize ionic 
fluxes through an SEI on a battery material in real time, and help validate results suggesting that 
FLG electrodes are a viable platform for studying fundamental intercalation effects on graphitic 
materials.  
4.7 Materials and Methods 
Chemicals. All chemicals were purchased from commercial sources and used as received. 
Propylene carbonate (PC, anhydrous, 99.7%), ethylene carbonate (EC, anhydrous, 99%), lithium 
tetrafluoroborate (LiBF4, 98%), silver nitrate (AgNO3, 99%), mercury (II) chloride (HgCl2, 
99.5%), N,N,N’,N’-Tetramethyl-p-phenylenediamine (TMPD, 99%), acetone (99.5%), isopropyl 
alcohol (99.5%), glacial acetic acid (99.5%) and ethylenediaminetetraacetic acid disodium salt 
dihydrate (Na2EDTA·2H2O, 99.0%) were all purchased from Sigma-Aldrich. 25 µm copper foil 
was purchased from Alfa Aesar. NanoTM 950K A4 PMMA, 495K A2 PMMA, and Microposit 
S1813 photoresist were purchased from MicroChem. AZ 917 MIF developer was purchased 
from AZ Electronic Materials. CE-100 Copper etchant was purchased from Transene Company. 
SiO2/Si wafer (3 inch B-doped P-type Si wafer with 300 nm wet thermal oxide) was purchased 
from University Wafer. The deionized water (DI water) was filtered using a Millipore system. 
Graphene growth procedure. Multilayer graphene and bilayer graphene were grown by 




the Cu foil was treated in acetone (10s), water (10s), glacial acetic acid (10 min), water (10s), 
acetone (10s), and IPA (10s) to remove any surface oxides. The Cu foil was then mounted in 
CVD chamber for graphene growth with different recipes. Bilayer graphene was grown with 
previously established recipe
50
 at 0.04 torr with two steps: annealing under 1000 °C, 1000 sccm 
Ar and 50 sccm H2 for 30 min; graphene growing at 1000 °C, 100 sccm CH4 and 50 sccm H2 for 
25 min. Multilayer graphene was grown using a modified recipe from previously reported 
atmosphere pressure CVD method
51
 with no annealing step and growth at 960 °C, 10 sccm CH4 
and 30 sccm H2 for 5 min. 
Graphene transfer. CVD grown graphene was transferred onto different substrates 
(SiO2/Si wafer, and glass) through a wet transfer method. After graphene growth, one side of the 
Cu foil with graphene was protected with 1 layer of 495K A2 PMMA and 2 layers of 950K A4 
PMMA via spin-coating at 3000 rpm for 30s. The protected graphene was floated on top of Cu 
etchant for 4 hours at 40 °C to remove Cu foil beneath the graphene. The floating 
graphene/PMMA sheet went through 4 rinse steps with DI water, 1 h treatment with 0.1 M 
Na2EDTA aqueous solution, and 4 rinse steps with DI water again to fully remove any metal 
residue. The clean graphene/PMMA sheet was finally transferred onto the desired substrate and 
blow dried under Argon. Additional organic solvent treatments were then applied to remove 
PMMA protecting layer: 2 h in anisole, 4 h in dichloromethane: acetone mixture (1:1 ratio), and 
2 h in isopropanol. Repetition of this process yields multilayered graphene samples. 
Patterning graphene. Photolithography and reactive ion etching (RIE) methods were 
applied to define and create two dimensional micron patterns on graphene. For photolithography, 
positive photoresist S1813 were selected to create patterned openings, 3 μm square array with 24 




rpm for 45 s and soft baked at 115 °C for 1.5 min. Karl Suss MJB3 contact mask aligner was 
used to transfer the pattern from the mask to the photoresist layer. After developing in AZ 917 
MIF developer for 15 s, 3 μm square array openings were created on top of graphene. A Plasma 
Lab Freon/O2 RIE system was applied to selectively etch the exposed graphene area under 20 
sccm O2, 37 mW RF energy and 40 mtorr pressure for 30 s. The etched graphene sample was 
carefully rinsed with acetone to remove photoresist layer which left a pristine patterned graphene 
on the substrate. 
Wollaston tip fabrication. Wollaston wire (Goodfellow, Purity 99.9%, 600 nm radius) 
was sealed in a glass capillary (World Precision Instruments, Sarasota, FL). A 1 cm length of 
Wollaston Pt wire was placed halfway up a capillary and was chemically etched on the bottom 
half of the wire to remove the protective layer of silver using a solution of concentrated nitric 
acid utilizing capillary action to pull the acid solution up the tube. The nitric acid was removed 
from the capillary using a KimWipe leaving a half chemically etched Wollaston wire in the 
capillary. The Wollaston wire was then sealed in the glass capillary using a standard method 
previously described elsewhere.
52
 The sealed Wollaston electrode was then sharpened using 
silicon carbide sandpaper with the aid of an optical microscope. The final RG, radius of glass 
sheath including the electrode divided by the radius of the electrode, was approximately 25. The 
large value of RG is uncharacteristic of a typical SECM tip, which will limit the proximity 
placement of the tip to the substrate, but high resolution SECM images were still able to be 




Sample characterization. Graphene samples were characterized via optical microscopy 




resolution SEM, Japan), Raman spectroscopy (Nanophoton Laser Raman Microscope RAMAN-
11, Japan) and UV-Vis spectroscopy (Shimadzu, Japan). Raman measurements were used in 
both spectroscopic and imaging modes. 
Electrochemical test. All electrochemical experiments were conducted using a CHI 
920D SECM from CH Instruments (Austin, TX) inside of a glovebox (MBraun, Stratham, NH) 
with mindful control of the oxygen and water levels in the atmosphere to be less than 0.1 ppm 
respectively. A Pt wire and an Ag/Ag
+
 (0.1 M AgNO3 in a 50:50 mixture of PC/EC) electrode 
were used as the counter and reference electrodes. 0.1 M LiBF4 solution in 50:50 PC:EC mixture 
was used as stock solution. 
Li intercalation with cyclic voltammetry (CV). We chose slow scan CV to obtain Li 
intercalation information into graphene samples. Different graphene samples (MLG, patterned 
SLG, 4LG, 6LG) were used as working electrode, with a SECM Teflon cell defined working 
area of 4.9 mm
2
. After adding stock solution, CVs were taken at low scan rate 1 mV/s over 
multiple cycles to test SEI formation and Li intercalation processes. 
Nano-SECM Feedback Imaging. Nanometer sized SECM tips with a 300 nm radius 
platinum electrode were fabricated using Wollaston wire with an RG of approximately 25, the 
detailed fabrication procedure is listed in supporting information. Fresh MLG with patterned 3 
μm openings was used to explore SEI electronic conductivity characteristics. The Wollaston wire 
electrodes were approached to the patterned graphene substrate in the feedback mode of SECM 
using a solution of 10 mM TMPD in stock solution as an electrochemical mediator. SECM 
images were collected at various substrate bias steps from open circuit (3.3 V) to SEI fully 




CV-SECM imaging. 5μm radius platinum electrodes (RG ~ 2) were purchased from CH 
Instruments (Austin, TX). Mercury capped SECM tips were fabricated inside of the glovebox 
from a non-aqeuous solution by depositing mercury on the surface from a 0.1 M solution of 
HgCl2 with 0.1 M TBAPF6 in DMF through a chronoamperometric step at -0.8 V vs a tungsten 
wire for 144 seconds to deposit 34 µC (0.34 nanomole) of mercury on the surface. The presence 
of mercury on the SECM tip was verified by performing stripping voltammetry in the presence 
of the electrolyte used for lithium intercalation for the patterned graphene (0.1 M LiBF4). 
Stripping voltammetry showed clean and clear amalgamation formation for lithium at 1 V vs. 
Li/Li
+
 with reversible stripping.  
The tip was approached to the surface with 10 mM TMPD using only the first oxidation 
as mercury itself will strip off the surface if the second oxidation is accessed. Cyclic 
voltammetry SECM (CV-SECM) imaging was performed by measuring 3 complete cyclic 
voltammograms at 25 V/s to show the amalgamation and stripping of Li
+
 at every single pixel in 
the image where every pixel was 5 micrometers large. The last voltammogram measured at every 
pixel was integrated to find the stripping charge and plotted as a function of surface location to 
generate a CV-SECM image.   
4.8 Conclusion 
In this work, we used few layer graphene, both directly growth and layer-by-layer 
transferred, to explore Li
+
 intercalation on an atomically-thin interface. Li
+
 insertion in FLG 
follows a staging mechanism, reminiscent of graphite, but the limited number of graphene sheets 
cause significant deviations in the intercalation mechanism, as evaluated via cyclic voltammetry. 
Due to the physical restriction, no Li intercalation was found in single layer graphene sample. In 




difference of intercalation/de-intercalation, 6LG already exhibit similar staging mechanism as ~ 
10 layer MLG and graphite. This work verifies the universality of staging mechanism in layered 
carbonaceous materials, and it provides insight into the early-state Li
+
 intercalation process in 
graphene-type materials. Additionally, this work also opens interesting avenues in the control of 
ion insertion mechanisms and insertion energies via electrode nano-structuring.  
As a spatially resolved electrochemical probing platform, SECM provided information on 
both the electronic and ionic reactivity of the graphene substrate. SECM feedback images 
monitored the impact of SEI formation under different substrate bias, until the stable and 
condensed SEI layer totally blocked electron transfer. In contrast, CV-SECM experiments using 
a Hg-capped Pt tip as Li
+
 sensitive ionic probe were applied to demonstrate that electrode 
patterning leads to points of access for Li
+
 intercalation preferentially on regions where the edge 
plane of graphene is exposed. Current efforts in our laboratory will focus on increasing the 
temporal and spatial resolution of CV-SECM methods for exploring ionic pathways within 
defects on the SEI. This work highlights the impact of nano-structure and micro-structure on 
macroscopic electrochemical behavior and opens the door to the mechanistic control of ion 
intercalation using graphene, an atomically thin interface where surface and bulk reactivity 
converge. 
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The field of portable energy storage is dominated by Li
+
 batteries (LIBs), which operate 
by the reversible insertion and extraction of Li
+
 at anode and cathode host materials.
1
 Though 
LIBs meet present portable energy storage needs, the rising cost and material shortage of lithium 
sources pose challenges to the long-term sustainability of LIB technologies.
2, 3
 K-ion batteries 
(KIBs) are an attractive alternative to LIBs since potassium is ~1000 times more abundant than 
lithium in the Earth’s crust.
4, 5
 In addition, the theoretical voltage limits for KIBs and LIBs are 
similar (-2.925 V vs. NHE for K/K
+




 so sustained 
technological developments may be able to bring commercially competitive KIBs to the market. 
KC8, like LiC6, is one of the well know graphite intercalation compounds. Recent experimental 









 may be good candidates for a KIB anode. Despite early attractive 
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 (co-)intercalation (Section 5.2). 
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results of K ion storage in those carbonaceous materials, there remains a lack of well-established 
conditions for K ion intercalation for their practical application in batteries. In Chapter 4, we 
introduced the use of multi-layer graphene (MLG) materials as potential anode materials for 
LIBs, which have roughly 1000 times faster charge-discharge rates than traditional graphite 
anodes, stable cycling properties, and plane morphology which enable in-situ scanning 
electrochemical microscopy (SECM) characterizations.
12
 Therefore, in this chapter, MLG 
samples are applied as a model system to establish a stable intercalation condition for K ion 
intercalation via a pre-conditioned Li-based solid-electrolyte interphase (SEI) layer. We first 
show in section 5.2 that pre-conditioning of MLG inside LiBF4 solution will lead to a stably-
packed Li-based SEI layer, which facilitates transportation of K ions into graphene sheets with 
clear staging-type signatures.  
Diversifying the available pool of materials for high performance energy storage requires 
a deeper understanding of the similarities and differences between LIBs and emerging ion 





ionic staging mechanisms in multi-layer graphene,
12
 here we turn our attention to a probe-
localized method to detect alkali ion flux changes in-situ. Scanning probe methods are often 
employed for surface investigations on energy storage materials, but few methods of in situ 
chemical imaging of ionic reactions at the battery–electrolyte interface exist.
14-17
 Recently, we 
reported the use of Hg-based SECM probes for the detection of alkali ions via anodic stripping 
voltammetry.
18
 In this technique, the reduction of the metal ion and subsequent diffusion of the 
metal into the Hg phase creates a steady-state amalgamation current, which upon reversal of the 
potential scan direction yields a stripping current peak. Both of these signals can be used for 
quantitative detection of differences in the local concentrations of various ions as a function of 
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electrode activation, as well as for accurate positioning of the SECM probe. Furthermore, we 
recently reported the fabrication and stripping voltammetry of Hg disc-wells, which consist of a 
level pool of Hg confined to the glass-walled cavity before a recessed Pt microdisc.
19-21
 These 





, as compared to traditional Hg sphere-caps regarding both detection times and spatial 
resolution. The K
+





/Na(Hg), so the same types of probes are able to detect K ion species.
22-24
 Due to their 
chemical and mechanical robustness as well as their unique ability to directly access ion-specific 
information, Hg disc-wells enable SECM to pursue answers connecting chemical structures to 
their electrochemical performance in systems involving ionic gradients. In the second part of this 
chapter (section 5.3), we demonstrate the measurement of ionic gradients on a model material for 
a KIB anode—highly oriented pyrolytic graphite (HOPG). While insertion of K
+
 on this material 
is not ideal, the detection of ionic gradients over surface features upon activation is accurately 
tracked, independently from the activity measured at the substrate electrode. The application of 
SECM techniques for the chemical measurement of ion fluxes at KIB electrodes will enable 
further understanding of the impact of pre-conditioned Li-based SEI formation and K ion 
intercalation into emerging materials like MLG.  
5.2 K ion (co-)intercalation on MLG 
5.2.1 K Ion Intercalation on Pre-conditioned MLG 
Similar to previous established methods for Li ion intercalation characteristics,
12
 cyclic 
voltammetry (CV) was used to determine how K ions intercalate into MLG samples. Our first 
approach to K ion intercalation into MLG was performed by negatively polarizing pristine MLG 
electrode inside 0.1 M KPF6 PC-EC solutions until the calculated theoretical plating potential 
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was reached (0 V vs. K
+
/K or 0.12 V vs. Li
+
/Li). As shown in Figure C.1a, no observable K ion 
intercalation peaks were found at this condition; instead a plating process was observed from the 
crossing of forward and backward sweep curves.
25
 When the solution was replaced with 0.1 M 
LiBF4 PC-EC solution, the MLG sample maintained good stability to intercalate Li ions after 1.5 
days of testing inside KPF6 media (Figure C.1b). Supporting that, the K ion intercalation process 
is not preferred in pristine MLG samples. 
 
Figure 5.1 K ion intercalation on pre-conditioned MLG sample. a, Comparison of Li ion and K 
ion intercalation signals on MLG with pre-passivated SEI layer. b, Evolution of staging-type 
peaks in KPF6 solution. All solutions are 0.1 M Li or K salt in PC-EC, scan rates are 1 mVs
-1
. 
During the early stage cycling of LIB, a SEI layer is formed on graphite anode.
26
 We 
have proven the electronically insulating yet ionically conducting properties of this SEI layer 
formed on MLG inside LiBF4 solutions.
12
 This layer ensures free transportation of Li ion to the 
MLG anode during cycling, and intercalation at the interlayer spacing between graphene sheets 
before reaching the threshold potential of Li plating. Inspired by these promising SEI properties, 
we hypothesized that a pre-formed SEI layer would facilitate K ion intercalation into MLG. To 
accomplish this, the MLG sample was pre-conditioned in LiBF4 solution for 10-12 cycles to 
allow a SEI layer to fully passivate the MLG surface.  
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Table 5.1 Peak potential and integrated charge analysis of Figure 5.1a. 
Peak Potentials (V vs. Li
+
/Li) 
 Liforward Libackward Kforward Kbackward Transition 
1 0.174 0.239 0.063 0.141 Dilute Stage 1 – Stage 4 
2 0.119 0.191 0.006 0.100 Stage 4 – Stage 3 
3 0.074 0.156 -0.053 0.061 Stage 3 – Stage 2 
4 0.034 0.117 -0.112 0.017 Stage 2 – Stage 1 
Integrated Charge (× 10
-4
 C) 
 Li K Ratio 
Qintercalation 2.471 2.023 1.221 
Qde-intercalation 2.438 2.050 1.189 
 
The SEI and Li ion intercalation regions exhibited similar behavior as Figure 4.3b, 4.3c 
and 5.1a black trace. Obvious staging-type K ion intercalation peaks were observed (Figure 5.1a 
red trace) on the conditioned MLG, which become better resolved upon cycling (Figure 5.1b). 
Replacing the solution back to LiBF4 recovers the Li ion intercalation signature (Figure C.2). 
Comparing the Li and K ion signals, four groups of (de-)intercalation peaks can be easily 
identified (Table 5.1), which show the intercalation stages change upon cycling.
25, 27
 In contrast 




/Li redox pairs, K ions intercalate at 
more negative potential than Li. Since the pre-conditioned SEI layer consist of a major 
component of decomposed Li salt, larger K ions need more energy overcome the size exclusion 
when transporting through this Li-based SEI layer. Therefore, more overpotential is required to 
intercalate K ions. Comparing the integrated charge under all (de-)intercalation peaks, more Li 
ions intercalated into MLG. This trend agrees well with the stoichiometric changes of graphite 









5.2.2 Effect of SEI Coverage 
 
Figure 5.2 Relationship of SEI coverage to K ion intercalation behavior. a and b are CVs of Li 
and K ion intercalation/plating behavior on a MLG with full (a) and partial (b) SEI coverage. c 
and d are SEM top-view images of MLG sample tested in panels a and b, respectively. e, SEM 
side-view image of MLG sample tested in panel a, which has complete SEI coverage. All 
solutions are 0.1 M LiBF4 or KPF6 in PC-EC, scan rates are 1 mVs
-1
.  
The formation of the pre-conditioned Li-based SEI layer serves a crucial role for K ion 
intercalation. Comparing the MLG samples with full SEI coverage to partial coverage (Figure 
5.2a, 5.2b), K ion intercalation peaks happen only with fully conditioned MLG samples while the 
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incomplete SEI coverage leads to K plating. The SEM images of these MLG samples are shown 
in Figure 5.2c and 5.2d, respectively. The whole surface of MLG capable of intercalating K ions 
is completely covered by sub-micron sized clusters (Figure 5.2c) with more than 200 nm 
thickness (Figure 5.2 e). Similar K plating signals on both pristine MLG (Figure C.1a) and 
MLGs with partial SEI coverage resulting from fewer conditioning cycles (Figure 5.2b) verify 
the importance of SEI layer when K ion intercalation process is targeted. Therefore, we believe 
passivating the MLG surface with a SEI layer can selectively suppress the K plating process 
while promoting K ion intercalation on MLG. 
5.2.3 Co-intercalation of Li/K ions into Pre-conditioned MLG 





 can transport freely through this interphase to be sandwiched and stabilized by two graphene 




 dominates the intercalation 




 co-exist in solution, a co-intercalation behavior 




 solution (Figure 5.3b) lead to a continuous 
positive shift of all (de-)intercalation peaks with increased peak currents. After normalizing the 
peak current of the 4
th




 ratios from 0 to 0.025, 
a linear increase was observed (Figure 5.3c). Furthermore, the potential of the 4
th
 intercalation 
peak also approaches the pure Li ion intercalation potential with more concentrated Li
+
, which 
maintains a linear positive shift at the logarithmic scale following the Nernst equation. Noticing 
even in the system of lowest Li
+
 concentration of 0.5 mM Li
+
 (blue trace in Figure 5.3b and 
second point in Figure 5.3c), 200 times more Li
+
 exist in the solution compare to the calculated 
amount to occupy all available intercalation sites in MLG. Hence the gradual change of current 
and potential during Li
+




Figure 5.3 Li and K ions co-intercalation process. a, CVs of Li and K ion intercalation peaks on 














 ratio of 4
th
 intercalation peaks in panel b, the percentage changes were 
calibrated to same peak at Li ion intercalation (black trace). d, Relationship of peak potential and 
Li
+
 concentration of 4
th
 intercalation peaks in panel b. All solutions are 0.1 M LiBF4, KPF6 or 




In the section 5.2, we have demonstrated that using a pre-conditioned MLG with 
complete SEI coverage can reversibly intercalate K ion. The common shape and distributions 
between K and Li ion intercalation peaks indicate a similar staging type mechanism for K. Using 
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pristine and SEI partially covered MLG samples as controls, we have proved the importance of a 
pre-passivated Li-based SEI layer for stable intercalation behavior of K ions. This layer can 




, allowing them to intercalate between 
MLG basal planes. The co-existence of both alkali ions leads to a co-intercalation process. This 
is to our knowledge the first time well resolved K ion intercalation peaks have been 
demonstrated with cyclic voltammetry.
7-11
 This work will provide a novel strategy for fabrication 
of new KIB battery anode materials with high cycling efficiency, stability, and energy density. 
5.3 Detecting Potassium Ion Gradients at a Model Graphitic Interface 
In previous sections, we have demonstrated electrochemical evidences through cyclic 
voltammetry that of K ion intercalates into MLG samples with a passivated SEI layer. However, 
there is still a lack of direct evidence to track the actual flux change of K ion during intercalation. 
One of the solutions is to use a previously developed method in our group using Hg-based 
SECM probes as localized ionic sensor. To validate the applicability of Hg disk-well probe for K 
ion detection in our system, we first demonstrate the measurement of ionic gradients on 
patterned HOPG as model system for K ion intercalation. 
5.3.1 Ex Situ Optical and Spectroscopic Measurements of Patterned HOPG 
An SEM image of patterned HOPG shows a regular array of holes measuring ~43 µm in 
diameter and separated from their nearest neighbors by 500 µm (Figure 5.4a). The size and 
center-to-center distance of the holes match with the designed lithography pattern. Raman 
spectra (Figure 5.4b) show the clear presence of a D band for etched holes but not for pristine 
HOPG. The D band corresponds to carbon ring “breathing” modes and is indicative of structural 
disorder, such as exposed graphitic edge planes.
28
 In LIBs, uptake of Li
+
 is greater at graphitic 
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edge planes than at the basal plane,
29
 so we expected to find similar ionic activity for K
+
 in the 
present system. Following electrochemical cycling and SECM experiments, the D band remained 
nearly unchanged over un-etched areas but showed a marked increase over etched holes (Figure 
5.4b). The increase in D band intensity is consistent with the evolution of structural disorder 
expected from the repeated K
+
 insertion and extraction. The localization of this increase in D 
band intensity to the etched holes (Figure 5.4c) suggests that exposed edge planes serve as 
primary sites for potassium ion intercalation. 
 
Figure 5.4 SEM and Raman Characterization of Patterned HOPG. a, SEM image shows the 
pattern etched holes on HOPG. The holes are ~43 µm wide, ~1.4 µm deep, and 500 µm from 
their nearest neighbors, measured from their centers. b, Raman spectra before and after 
electrochemical experiments exhibit a D band signal only over the etched holes. c, Raman 
mapping of the D band intensity before and after electrochemical experimentation shows an 
increase in D band signal limited to the etched holes. 
5.3.2 Substrate Cycling and SEI Formation on HOPG 
The HOPG substrate was first cycled at 1 mV s
-1
 in 0.1 M KPF6 in PC-EC for 6 cycles to 
form a stable SEI layer. Initial cycles showed broad, irreversible peaks that are likely attributable 
to solvent and electrolyte decomposition processes, such as those found in LIB systems (Figure 
5.5a).
12, 30, 31
 The intensity of these peaks diminished with cycling, eventually resulting in a clean 
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background signal. Following SEI formation, cycling more slowly at 50 µV s
-1
 allowed the 
identification of K
+
 intercalation behavior at E < 0.54 V (vs. K/K
+
), in addition to various 
unknown processes from ~1.10 V to 0.54 V (vs. K/K
+
), and a de-intercalation event at 0.52 V (vs. 
K/K
+
) on the return sweep (Figure 5.5b). 
 
Figure 5.5 Cyclic Voltammetry of K
+
 Intercalation and Deintercalation at Patterned HOPG. a, 
Initially observed broad, irreversible peaks diminished with cycling number, eventually resulting 
in a clean, stable background signal. b, After forming the SEI, a K-ion de-intercalation process 
was observed at 0.52 V (vs. K/K
+
). 
5.3.3 Identification of Region of Interest on HOPG 
A Hg disc-well UME (a1 = 12.5 µm, RG = 2.5) was positioned approximately one probe 
radius (L = d/a1 ~ 1, d = tip–substrate gap) above the HOPG surface through a probe scan curve 
(PSC) in the Z direction using TMPD as the redox mediator and with the substrate left at open 
circuit. After rapidly imaging a large area to identify a region of interest (Figure C.5), an area 
containing a single etched hole (Figure 5.6a) was slowly imaged at 2.5 µm s
-1
 (Figure 5.6b). This 
speed was selected to prevent distortions based on forced convective transport.
32
 Initial SECM 
images exhibited negative feedback consistent with the insulating nature of SEIs observed for 
other alkali ions.
12
 However, over time we observed a shift towards partial positive feedback. We 
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believe this could be a result of some SEI degradation process or the incorporation of TMPD in 
the SEI.  
 
Figure 5.6 Identification of Etched Hole. a, Optical micrograph of an etched hole in HOPG. The 
scale bar represents 25 µm. b, SECM feedback image of the region shown in panel-a taken with 
a Hg disc-well in 2 mM TMPD + 0.1 M KPF6 in PC-EC. 
Though positive feedback is observed at all points in the Figure 5.6 b, even greater 
positive feedback occurs over the etched hole centered at [X, Y] = [45 µm, 45 µm]. If the 
reactivity of the holes and the basal plane were equal, the SECM feedback current observed over 
holes would be less than over the basal plane due to the increased tip-substrate gap over holes. 
The possibility of electron transfer at the HOPG basal plane,
33
 the susceptibility of HOPG to 
adventitious contaminants,
34
 and the large number of exposed edge sites on this sample do not 
allow a straightforward quantification of the contributions from basal and edge planes. However, 
the observed increase in feedback current over the etched hole is supported by Raman spectra 
(Figure 5.4b), which suggest far greater planar disorder in the etched holes in comparison to the 
pristine basal plane, and is consistent with the increased electrochemical activity observed at 






5.3.4 CVs with Substrate Competition on HOPG 
 
Figure 5.7 Competition for K
+
 over Etched Hole. a, Select Hg disc-well CVs taken with 
increasing substrate activation towards K
+
 intercalation. ν = 0.2 V s
-1
. b, Select Hg disc-well CVs 
taken with decreasing substrate activation, giving way to K
+
 deintercalation. c, Hg disc-well 
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(Figure 5.1 Continued) amalgamation currents extracted from panel a and b. d, Average 
chronoamperometric signal at the substrate at various activation potentials. 
After switching to a 1 mM KPF6 solution in PC-EC, the Hg disc-well UME was re-
approached to the origin in Figure 5.6 to a final distance of 16 μm (Figure C.6). Because ions are 
regularly stripped from the Hg probe, this method of approaching a surface avoids the risk of 
damaging the Hg probe by saturation of the amalgam phase. To show that Hg-based electrodes 
can directly probe changing ionic gradients, the Hg disc-well UME was positioned over 
unmodified HOPG at [X, Y] = [0 µm, 45 µm] and programmed to record a series of CVs with 
the substrate following a sequential staircase potential sweep. The amalgamation current (iamal), 
peak stripping current (istrip), and stripping charge (Qstrip) were each extracted from the CV-
SECM dataset.
18
 As the substrate potential increased (Figure 5.7a), activating K
+
 intercalation, 
all three Hg disc-well signals decreased (Figure 5.7c) while the substrate current increased 
(Figure 5.7d). Then, as the substrate potential was stepped anodically to allow K
+
 deintercalation 
(Figure 5.7b), the Hg disc-well signals increased in kind as the substrate current decreased, 
indicating the restoration of the local K
+
 concentration. The total decrease in probe signal 
between inactive and fully active substrate potentials was 3.71 nA (56%) for iamal, 17.6 nA (90%) 
for istrip, and 3.29 nC (89%) for Qstrip. After testing over a pristine region of HOPG, the Hg disc-
well UME was positioned directly over an etched hole at [X, Y] = [45 µm, 45 µm] and made to 
repeat the same test sequence. As before, all three Hg disc-well signals decreased and then 
recovered in response to substrate activation then deactivation towards K
+
 intercalation. The total 
decrease in probe signal between inactive and fully active substrate potentials was 2.06 nA (30%) 
for iamal, 17.7 nA (77%) for istrip, and 3.24 nC (77%) for Qstrip. 
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We hypothesize that the probe signal discrepancies, specifically, the larger changes in 





 Such low K
+
 concentrations were used in order to safely 
access timescales allowing good ionic resolution and avoid saturating the ionic capacity of the 
thin HOPG sample but led to larger than ideal shared resistance between the two working 
electrodes. In the interest of avoiding co-intercalation phenomena,
40-42
 no additional supporting 
electrolyte was present. istrip and Qstrip are typically valuable for their ionic specificity and 
enhanced sensitivity due to pre-concentration of the amalgam phase, but the observed potential 
shifts compromised their usefulness in this particular system.  
Nevertheless, iamal remained a reliable metric of the local K
+
 concentration since it 
reached a quasi-steady-state and does not depend on the accumulation of K
+
 within the Hg probe 
over time. In both sites explored, the relatively stable iamal signal for Esub ≥ 0.5 V suggests that 
the cathodic peaks observed in the HOPG voltammetry (Figure 5.5b) are not associated with K
+
 
uptake. It is reasonable to suspect that these peaks may be associated with changes in the SEI.  
iamal(Esub) is described well by a simple exponential function of the form iamal = A + 
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2
red. = 2.26  10
-21





 for pristine HOPG and χ
2
red. = 2.26  10
-21
 for etched holes) substrate potential 
sequences (Figure C.7), which suggests that the Hg disc-well closely followed the 
electrochemical uptake of K
+
 by the substrate. Therefore, despite challenges unique to the system 
under study, these results demonstrate the ability of Hg disc-well SECM probes to track dynamic 
ionic fluxes at operating KIB interfaces. 
126 
 
Considering the enhanced positive feedback current in the SECM image (Figure 5.6b) 
and the pronounced D band in the Raman spectra (Figure 5.4b) over etched holes, we expected to 
observe a clear increase in K
+
 uptake over etched holes in comparison to pristine sites due to the 
greater concentration of exposed edge planes at etched sites. Contrary to expectations, a greater 
proportional decrease in iamal was observed over the pristine HOPG than over the etched hole. 
However, microscopic inspection of the pristine surface does indicate a large density of steps 
(Figure 5.6a), exposing edge sites at which the ionic flux could rival that of artificially-defective 
holes. Another possible explanation for the small differences observed between the pristine and 
hole sites is that the SEI formed on this KIB electrode strongly controls the flux of K
+
, thus 
decreasing contrast between neighboring surface sites. Furthermore, the consistent iamal 
registered at Esub = 1.604 V, where the substrate is electrochemically inactive, is evidence that 
the bulk K
+
 concentration was not significantly affected. Despite this, the average substrate 
current decreased with each cycle (Figure 5.7d and Figure C.8). Therefore, we conclude that the 
substrate’s activity towards K
+
 uptake and release decreased with use and/or time. Regardless of 
the cause, this overall decrease in substrate activity was sufficiently large to obscure whatever 
differences in K
+
 uptake and release may have been originally present over the pristine HOPG 
and etched holes. The decrease in K
+
 uptake by the substrate with each cycle was also a 
contributing factor to the smaller distortions of istrip and Qstrip when a test sequence was 
subsequently repeated at the same locations with a longer normalized timescale—obtained by 
increasing the overpotential and decreasing the potential scan rate (Figure C.8).  
While the measurement of K
+
 fluxes at the activated KIB electrode–electrolyte interface 
was successful, this first exploration did not show significant differences in ionic uptake between 
two sites with different redox reactivity. Rather than a lack of contrast, the absence of 
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meaningful differences at the two location types actually demonstrates the sensitivity of Hg disc-
wells to local ionic fluxes, which can distinguish between various degrees of substrate uptake of 
a particular ionic species in situ. The probes accurately reported the changing ionic fluxes, but 
differences in K
+
 uptake over pristine and etched regions were overwhelmed by the much larger 
impact of substrate aging. While HOPG is certainly not an ideal electrode material under the 
tested conditions, the methodology shown here might be useful to distinguish the different K
+
-
consuming processes that underlie the complex response observed on KIB electrodes.  
5.3.5 Conclusion 
We have used a novel electrochemical probe to obtain direct measurements of K
+
 uptake 
by a representative graphitic anode material for KIBs. Our SECM investigations with a Hg disc-
well UME revealed increased electronic conductivity as well as reversible K
+
 intercalation and 
deintercalation over exposed HOPG edge planes. When positioned over an electrochemically 
active feature in HOPG, a Hg disc-well UME responded to activation of the substrate towards K
+
 
uptake. HOPG CVs confirmed the process under investigation was K
+
 
intercalation/deintercalation and not plating/stripping. However, the complex electrochemical 
response observed on the substrate electrode at potentials where the SEI is expected to form was 
chemically resolved by the probe, which did not identify a significant steady-state flux of K
+
 
towards the interface until potentials well into the expected intercalation range.  
We compared the activity towards K
+
 intercalation on two structurally different sites on 
the HOPG surface. Despite contrast in their Raman signatures, indicating a different degree of 
disorder, and differences in their redox reactivity as assessed by the use of the feedback mode of 
SECM, few differences were detected on their K
+
 flux activity. While HOPG is likely not a top 
candidate for KIBs, the new capabilities brought by these probes make them of interest to further 
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understand the role of heterogeneities on ion insertion mechanisms in energy materials.  Hg disc-
well UMEs can acquire localized, chemically specific measurements of ionic flux over operating 
battery electrode materials. This information is inaccessible to existing analytical methods and 
will help inform the rational design of future alkali ion battery anodes and cathodes. CV-SECM 
imaging studies of multiple alkali ion intercalation and de-intercalation processes at target energy 
storage materials are in progress and planned for future publications. 
5.4 Materials and Methods 
Chemicals and Supplies: All chemicals were purchased as A.C.S. reagent grade or 
better and used as received without further purification. Nitric acid and water (ChromAr grade) 
were obtained from Avantor. Platinum wire (25 µm and 0.5 mm diameter) and silver wire (1 mm 
diameter) were obtained from Goodfellow. Ethylene carbonate (EC, anhydrous, 99%), 
mercury(II) nitrate monohydrate (≥99.99% trace metals basis), lithium tetrafluoroborate (98%), 
potassium hexafluorophosphate (99.5%), lithium hexafluorophosphate (≥99.99%, trace metals 
basis), propylene carbonate (PC, anhydrous, 99.7%), tetrabutylammonium hexafluorophosphate 
(NBu4PF6, 99.0%) and N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD, 99%) were obtained 
from Sigma-Aldrich. Tetramethylammonium nitrate (NMe4NO3) was obtained from 
Southwestern Analytical Chemicals. 
25 µm copper foil was purchased from Alfa Aesar. Highly ordered pyrolytic graphic 
(HOPG, brand grade SPI-2) was purchased from SPI supplies. 3M
TM
 copper conductive tape 
with a single conductive glue adhesive surface was purchased from Ted Pella, Inc. Microposit 
S1813 photoresist was purchased from MicroChem. AZ 917 MIF developer was purchased from 
AZ Electronic Materials. Ultra high purity (UHP) argon was obtained from Airgas. 
129 
 
Multilayer Graphene Fabrication: MLG were grown by chemical vapor deposition 
(CVD) using methane and 25 µm Cu foil as catalyst. Prior to growth, the Cu foil was treated in 
acetone (10s), water (10s), glacial acetic acid (10 min), water (10s), acetone (10s), and IPA (10s) 
to remove any surface oxides. The Cu foil was then put inside a one end sealed 100 mm long, 18 
mm ID, 22 mm OD quartz tube. The tube with Cu foil was then mounted in the middle of CVD 
chamber with sealed end facing gas inlet direction. Multilayer graphene was grown at 960 °C, 20 
sccm CH4, 60 sccm H2 and 100 sccm Ar for 20 min. Same graphene transfer procedure (Chapter 
4.7) were used to transfer MLG samples. 
HOPG Substrate Fabrication and Patterning: Cu tape was used to mechanically 
exfoliate thin HOPG samples from a larger HOPG block. Following our previously published 
graphene patterning method,
12
 the thin HOPG samples were treated with photolithography to 
create patterned windows to expose selected areas of the HOPG surface using a mask. The 
exposed HOPG was then etched by a Plasma Lab Freon/O2 reactive ion etching (RIE) system 
with 37 mW RF energy under a pressure of 40 mTorr while flowing 20 sccm O2 for 1 min. After 
RIE, the remaining photoresist was removed by rinsing with acetone and isopropanol. The 
resulting regular array of holes measured ~43 µm wide and ~1.4 µm deep (Figure C.4). 
Neighboring holes were separated by 500 µm, measured from their centers. 
Hg Disc-Well Electrode Fabrication: Hg disc-well probes were fabricated by etching Pt 
disc ultramicroelectrodes (UMEs), electrodepositing Hg in the cavity, and removing excess Hg 
with a flexible glass coverslip as previously published.
21
 Specifically, Pt UMEs with a Pt radius 
(a1) of 12.5 µm and a glass ratio (RG = a2/a1, a2 = total probe radius) smaller than 4 were etched 
in a solution of 30 v. % sat. CaCl2 + 10 v. % HCl in H2O for 40 s under ultrasonic agitation while 
applying a peak-to-peak voltage (Vp-p) of 2.70 V at 60 Hz with a variac. This gave an etched 
130 
 
cylindrical cavity with a normalized depth (H2 = h2/a1, h2 = depth of cavity) of 1.1. Hg was 
deposited potentiostatically at +0.2 V vs. Ag/AgCl in 20 mM Hg(NO3)2H2O + 0.2 M NMe4NO3 
and 0.5 v. % HNO3 in H2O until the deposition current reached 0.3 µA, indicating the growth of 
a Hg sphere-cap protruding from the overfilled cavity. The Hg deposit was then leveled and 
rinsed with H2O to remove displaced Hg droplets, resulting in a Hg disc-well with a flat, mirror-
like surface having a normalized height (H1 = h1/a1, h1 = Hg sphere-cap height) of 0 (Figure C.3). 
Ex Situ Optical and Spectroscopic Measurements: Hg disc-well probe dimensions 
were verified though optical microscopy (Zeiss AxioLab.A1). In addition to optical microscopy, 
MLG and HOPG samples were characterized through scanning electron microscopy (SEM, 
Hitachi S-4800 high resolution SEM), atomic force microscopy (AFM, Asylum Research 
Cypher), Raman spectroscopy and imaging (Nanophoton Laser Raman Microscope RAMAN-11) 
(Figure 5.4). 
Electrochemical Experiments: All electrochemical measurements were performed with 
a CHI 760 and CHI 920D SECM under oxygen- and water-free conditions in an MBRAUN 
UniLab glovebox filled with UHP argon. All solutions were made in a PC and EC solvent 
mixture with 1:1 ratio (vol./vol.), which is hereafter referred to as PC-EC. The Teflon SECM cell 
was fitted with a working electrode (4.9 mm
2
 MLG, or 19.6 mm
2
 patterned HOPG), a Pt wire 
counter electrode (CE), and a Ag wire quasi-reference electrode (QRE). Substrate CVs and CV-
SECM used a Ag/Ag
+
 (saturated AgNO3 in PC-EC) reference electrode (RE) instead of the Ag 
QRE to poise the cell potential. Potentials referenced against a 0.1 M Ag/Ag
+
 RE (3.604 V vs. 
0.1 M K/K
+
, and 3.725 V vs. 0.1 M Li/Li
+
) are reported vs. 0.1 M K
+






K ion (co-)intercalation on MLG. The MLG samples were first characterized in 0.1 M 
LiBF4 PC-EC solution at 1 mV s
-1
 to examine their quality of clear staging peaks. After that, a 
continuous conditioning of MLG in above solution between 3.325 to 0 V vs. 0.1 M Li
+
/Li at 1 
mV s
-1
 for 10 cycles to form stable SEI layer. After through rinsing of 6 times with PC, 0.1 M 
KPF6 PC-EC solution were added to testing cell to obtain K ion intercalation peaks between 
0.425 to -0.175 V vs. 0.1 M Li
+
/Li at 1 mV s
-1
. The following Li-K co-intercalation tests were 
performed by spiking 5, 10, 15, 25 μL 0.1 M LiPF6 PC-EC solution into previous system and test 
at similar potential region. 
Conditioning and Substrate CV of HOPG. Prior to SECM investigations, the patterned 
HOPG electrode was cycled in 0.1 M KPF6 in PC-EC for 6 cycles between 0.604 to 0.004 V vs. 
0.1 M K
+
/K at 1 mV s
-1
 to form a stable SEI layer. In order to better observe K
+
 intercalation and 
deintercalation processes, additional CVs with HOPG were acquired at 50 µV s
-1
 in 1 mM KPF6 
in PC-EC after SECM experiments (Figure 5.5). 
CV-SECM Experiments. A Hg disc-well UME performing TMPD oxidation in a solution 
of 2 mM TMPD and 0.1 M KPF6 in PC-EC was used to collect an SECM feedback image 
(Figure 5.6) to find the approximate locations of etched holes. To avoid interference from 
oxidized TMPD generated at the CE, the cell was rinsed with PC and refilled with 1 mM KPF6 in 
PC-EC. The Ag QRE was also swapped for a Ag
+
/Ag RE after the removal of TMPD from the 
cell. The same Hg disc-well probe was then approached to the substrate with a cyclic 
voltammetry probe scan surface (CV-PSS) in the Z direction (Figure C.6). After reaching the 
HOPG surface, the probe was positioned directly over an etched hole and used to record a series 
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Redox flow battery technology offers many advantages for grid energy storage such as 
load-leveling, long durability, flexible operation, easy scalability, high-efficiency and low cost.
1-3
 
In this technology, electrochemical energy is stored in highly concentrated solutions of reversible 
redox active molecules, and separated in compartments for the low and high electrochemical 
potential species. Non-aqueous redox flow batteries (NRFBs) are a potentially viable alternative 
to their aqueous counterparts (ARFBs) having a wide range of redox active species and 
electrolytes available for their design.
1, 4-6
 The energy density of NRFBs can be dramatically 
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increased by using redox couples that are highly soluble in organic solvents and that operate at 
electrode potentials well beyond the window of stability of aqueous electrolytes.
7
 Despite these 
exciting prospects, the lower ionic conductivity observed in non-aqueous electrolytes has 
prevented the wide-scale development of NRFBs.  
Challenges in adapting commonly used ion exchange membranes (IEMs) as separators 
from aqueous to non-aqueous environments are greatly responsible for the paucity in studies of 
NRFBs.
4, 8-11
 The role of the separator is to physically and electronically isolate the high and low 
potential redox species compartments. This prevents the mixing of the redox active components 
(crossover) and simultaneously provides high electrolyte ionic conductivity for minimizing 
losses due to resistance to current flow.
3, 4
 Using IEMs designed for aqueous environments, many 
of which are proton conductors, decreases the power density of NRFBs by one order of 
magnitude compared to ARFBs.
4




Finding improvements in the performance of IEM’s is an active research area,
4
 but we 
reasoned that an alternative for NRFBs could be based on electrolyte size-selectivity
14
 rather 
than ionic-selectivity. Size-selectivity using nano-porous membranes has been introduced 
recently in aqueous vanadium redox flow batteries for separating proton transport from that of 
larger vanadium cations.
4, 15
 A strong emphasis is placed on the complex design of these 
membranes so they can adjust their sterics and electrostatics to effectively discriminate the redox 
active species.
12, 16-20
 Here, we introduce an alternate approach in which the size of the redox 
active species is varied and systematically studied through a chemically-flexible synthetic 
polymer-based approach. This strategy de-emphasizes membrane design and enables an 




Figure 6.1 Schematic design of NRFB with large polymeric charge carriers and size-selective 
nano-porous membrane. 
Unlike IEMs, porous membranes transport molecules based on size. Thus by careful 
design of the redox active component for matching an appropriate size, one can take advantage 
of size-exclusion to selectively and efficiently transport charge-balancing ions across the porous 
membrane while retaining the active species in its compartment, as shown in Figure 6.1. 
Commercial off-the-shelf (COTS) porous separators are relatively inexpensive compared to 
IEMs,
13
 hence their utilization in NRFBs could in principle bring down the overall cost of the 
NRFBs. Although porous separators have been widely used in lithium-ion batteries,
13
 their use in 
NRFBs is not well explored.
4, 15
 This could be due to the lack of development in redox active 
components whose size is easily varied without adversely affecting their electrochemical 
properties.  
Controlling the molecular weight of redox active polymers (RAPs) is an easy way to vary 
the size of the redox active components. Understanding the size-dependent transport, solubility 
and electrochemical properties of RAPs may enable their use in conjunction with COTS porous 
membranes as separators in NRFBs.
3, 4
 To the best of our knowledge, there are no known RAPs 
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with the desired solubility, energy density and (electro)chemical reversibility in NRFBs.  
Poly(vinyl ferrocene)
21, 22
 and poly(vinyl anthracene)
23
 are well-studied RAPs for benchmarking 
the properties of soluble macromolecular designs. In this study, we first focused on the synthesis 
of viologen based RAPs of different molecular weight (MW), as shown in Scheme 6.1, and study 
the impact of polymer MW on their electrochemical, solubility, viscosity and transport properties 
across commercial porous membranes as a means for enabling size-selectivity for NRFBs. 
 
Scheme 6.1 Chemical structures of monomer and redox active polymers (RAP 1-5). 
Another polymer-based energy storage architecture we synthesized is redox active 
colloids (RACs), as shown in Scheme 6.2. RACs act as discrete charge carriers that incorporate 
redox pendants for facile charge transport within a well-defined 3D geometry. Similar to RAPs, 
these particles are structurally stable, exhibit high charge density, and retain the redox signatures 
of the constituent monomer, easily varied via organic synthesis. These large dimension RACs 
show promising size-exclusion flow batteries by greatly reducing crossover.
24
 Since RACs tends 
to form a densely packed monolayer on the surface of NRFBs electrode. Exploring charge 





Scheme 6.2 Reaction scheme for the synthesis of polyvinyl benzylchloride and viologen based 
redox active colloidal particles. 
6.2 Characterization of RAPs 1-5 
The percent functionalization of PVBC with ethyl viologen was determined using 
1
H 
NMR, ATR-IR, UV-Vis absorption spectra and elemental analyses. In PVBC, νCH2Cl stretch
25
 
appears at 1280 cm
-1
. ATR-IR spectra (Figure D.1) of RAPs 1-5 show a complete disappearance 
of the peak at 1280 cm
-1
 and also display the peak corresponding to the viologen quaternary 
amine
25
 (ν>N+<) at 1650 cm
-1
. For a given concentration of repeat units, the molar extinction 
coefficients of RAPs (Table D.4) were found to be close to that of monomer, indicating the near-
quantitative substitution of PVBC with ethyl viologen. 
1
H NMR, elemental analyses (C, H, N, P, 
F, and Cl shown in Table D.2), and bulk electrolysis (see below) data further support the near-
quantitative functionalization of PVBC with ethyl viologen.  
 RAPs 1-5 display good solubility in non-aqueous electrolytes such as acetonitrile and 
propylene carbonate, both commonly used solvents in NRFBs.
1, 4
 The 21kDa polymer is soluble 
up to 2.9 M in acetonitrile, while the highest MW 318kDa polymer is soluble up to 2.1 M (Table 
D.1). The monomer showed negligible change in viscosity with an increase in concentration 
from 0.01 to 1.00 M, whereas the viscosity of polymer solutions increased with increasing 
molecular weight and concentration (Figure D.2 and Table D.3). UV-visible absorption spectra 
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of monomer and polymers were recorded in acetonitrile at different concentrations and their 
molar absorption coefficients were determined (Figure D.3 and D.4). The similarity between the 
absorption spectra of the polymers and monomer (Figure D.4) suggests that there is minimal 
intrachain and interchain interaction between viologens in polymer solution.
23, 26
 This 
interpretation is also supported by the electrochemical data shown below.  
6.3 Electrochemical Characterization of RAPs 1-5 
We chose a viologen-based macromolecular design
27-30
 since the monomeric units have a 
small molecular footprint, are highly soluble in polar solvents, show appealing reduction 
potentials, and undergo facile electron transfer with chemical reversibility.
31, 32
 This combination 
of properties makes them well-suited as low potential redox species in NRFBs as they promise 
high energy density, high stability during cycling and minimal electrode kinetics losses.  
Transient voltammetry of 10 mM solutions of RAPs 1-5, shown in Figure 6.2a, 6.2b, was 
recorded in acetonitrile with 0.1 M LiBF4 as a supporting electrolyte using a 1.15 mm radius Pt 
electrode. The shape of these voltammograms suggests a mixed adsorptive and diffusive 
behavior for all tested polymers. In general, two clearly defined reductive processes are observed 
at c.a. -0.7 V and -1.2 V vs. 0.1 M Ag
+
/Ag. For comparison, the monomer exhibits two Nernstian 
waves at similar potentials and with similar separation between the first (2+/+) and second (+/0) 
reductions (Figure D.5). In addition to this similarity, the current intensities for different 
polymers at the same effective concentration of redox pendants are comparable and do not show 
a strong dependence on MW. These results suggest that viologen motifs do not interact 
electronically through the polymer backbone, in agreement with results from UV-Vis 
spectroscopy, and that the redox characteristics of RAPs 1-5 are essentially the same as that 




Figure 6.2 a, Two steps reduction reaction of RAP, showing the changes between viologen 
(2+/+) and viologen (+/0). a, Cyclic voltammograms of RAPs 1-5 on 0.04 cm
2
 Pt disk electrode 
(ν = 100 mV/s). (b) Voltammetry of adsorbed RAP 1 on 0.04 cm
2
 Pt disk electrode in blank 
supporting electrolyte. In all experiments, RAP concentration was 0.01 M and 0.1 M LiBF4 in 
acetonitrile was used as supporting electrolyte solution. 
In contrast to the monomer, adsorption is likely to be observed in RAPs 1-5 because of a 
larger cross-section for interaction between the negatively charged electrode and the positively 
charged polymer as well as other physisorption interactions. Pt electrodes exposed to solutions 
containing RAPs 1-5 were carefully rinsed and transferred to blank electrolyte to confirm 
irreversible adsorption. The resulting voltammograms displayed the behavior associated with an 
adsorbed electroactive layer, as shown in Figure 6.2c for RAP 1, where both reduction 
voltammetric peak currents increase proportionally to the scan rate (Figure D.6).
33, 34
 The surface 
density of redox active groups was estimated to be ca. 100-200 µC/cm
2
 for RAP 1, which is at 
least one order of magnitude larger than a conservative estimate of a monolayer based on the 
molecular footprint and loading of the polymer (10 µC/cm
2
). Electrode surface roughness and 
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limited electrostatic interactions with the electrode are possible causes of multilayer formation. 
Electrochemical data show evidence of charge transport in this polymer layer.  A smaller peak 
splitting and larger intensity observed for the +/0 process in comparison to the 2+/+ is consistent 
with a larger rate of self-exchange for the viologen +/0 redox couple as has been observed in 
other polymer films, including those based on viologen.
35, 36
 Despite irreversible adsorption, the 
film formed by RAPs 1-5 is electroactive and allows solution-based polymer molecules to 
engage in facile electron transfer and complete bulk reduction as demonstrated by microelectrode 
and chronocoulometric experiments described below. 
 
Figure 6.3 a, Steady state voltammograms of RAPs 1-5 at 12.5 µm Pt UME (ν= 10 mV/s) for 
the original and reduced form. b, Plot of monomer-normalized diffusion coefficient vs molecular 
weight for RAPs 1-5. Insert shows zoom of polymer high molecular weight region. In all 
experiments, RAP concentration was 0.01 M and 0.1 M LiBF4 in acetonitrile was used as 
supporting electrolyte solution. 
Steady state voltammetry using ultra-microelectrodes (UMEs) were used to selectively 
study the diffusion behavior of RAPs 1-5. At small electrodes, the increase in the mass transfer 
coefficient of solution species masks the contribution from transient surface processes when 
voltammetry is conducted at low scan rates.  Figure 6.3a shows the UME voltammetry at 10 
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mV/s for both the reduction of the fully-oxidized (2+) and for the oxidation of the singly-reduced 
(+) forms of RAPs 1-5. These voltammograms show a characteristic sigmoid shape and few 
indications of kinetic complications as evidenced by their width and correspondence between the 
position of the cathodic and anodic curves. Despite the possibility of radical-initiated reactions 
during the transformation of viologen 2+ to the monovalent radical anion +, the position and 
intensity of the oxidation and reduction waves indicate no profound chemical changes in the 
sample as the midway potentials, E1/2, remains unchanged. Although the limiting current for the 
oxidation of the + form is consistently slightly higher than that for the reduction of 2+, the 
similarity between their values suggest a facile and quantitative transformation of either form at 
the electrode surface. The mass transfer limiting current is estimated as ilim = 4nFaDc* where n 
=1, F = 96,485 C/mol, a = 12.5 µm, D is the apparent diffusion coefficient of viologen motifs 
and c* is their concentration in the bulk.  The diffusion coefficient of viologen groups in RAPs 
1-5 are deduced from ilim for both original and reduced states. The diffusion coefficient values at 
concentrations below 10 mM are shown in Table 6.1. In general, smaller diffusion coefficients 
were observed as the molecular weight of the polymer increased. The ratio of the diffusion 
coefficient of polymer to monomer, Dp/Dm varies linearly with respect to the 0.55 power of the 
ratio of molecular weight of monomer and polymer, (Mm/Mp)
0.55
, as plotted in Figure 6.3b for the 
+ and Figure D.7 for the 2+ form. This behavior has been empirically observed for non-
interacting redox centers in ferrocene redox polymers and explains the decrease in limiting 
current as a consequence of the impact of molecular weight on the diffusion coefficient 
following the behavior predicted by the Stokes-Einstein equation.
22
 This result allows us to 
confidently estimate the diffusion coefficients shown in Table 6.1 and strongly suggests the non-
147 
 
interacting and quantitative transformation of viologen groups in RAPs 1-5 regardless of their 
size. 
6.4 Charge storage in RAPs  
 
Figure 6.4 Charge storage properties of monomer and RAP 1 (21 kDa). Inset shows 11 cycles of 
potential controlled bulk electrolysis of 6 mL 10 mM RAP 1 in 0.1 M LiBF4 acetonitrile using a 
Pt mesh working electrode. Pt mesh was held at -0.9 V for BE reduction (2+/+) and at -0.3 V for 
BE oxidation (+/2+).  The charge cycling efficiencies were calculated as the ratio of BE 
oxidation to BE reduction for each cycle.  
RAPs 1-5 display excellent charge storage properties, which make them suitable for 
NRFBs. Figure 6.4 and its inset show results for the potential-controlled bulk electrolysis over 
multiple cycles for the 21 kDa polymer for the 2+/+ redox transformation. While there is a small 
decrease in the initial charge capacity (Table D.5) no further signal decrease attributable to 
decomposition is observed upon consecutive cycles. Preliminary UME experiments conducted 
on the reduced form of RAPs 1-5 obtained by bulk electrolysis did show a decrease in their 
steady state current over a 2-4 hour period (Figure D.8), however NMR and UV-Vis 
spectrophotometry did not reveal strong evidence of sample decomposition. We believe that a 














































slow aggregation process of the reduced polymer molecules is responsible for this observation; 
however, this does not affect their charge storage capacity. Indeed, RAP 1 displays a stable > 
97% cycling efficiency throughout 11 cycles, which is higher than monomer efficiency (Figure 
6.4) under the same experimental conditions. Bulk electrolysis experiments also showed that at 
least 94% of the nominal viologen loading on RAPs 1-5 is accessed electrochemically, thus 
confirming the quantitative UME voltammetry results and strongly suggesting that solution-
based RAPs are versatile charge storage media for NRFBs. Table 6.1 summarizes the result of 
our systematic electrochemical analysis of RAP 1-5. 
 
Figure 6.5 Diffusion limited steady-state current change of selected RAPs at high concentration 
obtained using a 12.5 µm Pt UME in 0.5 M LiBF4 as supporting electrolyte. Inset shows the 
expected limiting current for RAP 1 if corrected for viscosity effects as shown in Figure D.2.  
For applications in NRFBs, achieving a high concentration of charge storage material is 
crucial for attaining a practical charge capacity. All five polymers are highly soluble in 
acetonitrile and propylene carbonate. We tested samples with concentrations up to ~1 M.  Using 
UME voltammetry to minimize solution resistive potential drop, the electrochemical activity of 
RAP 1-5 was studied in the high concentration regime as shown in Figure 6.5. The diffusion 









































































































limited steady state current increased with the polymer concentration until reaching a certain 
maximum (0.3 M for 21 kDa, 0.6 M for 158 kDa, and 0.5 M for 318 kDa) and decreased at 
higher concentration. This behavior has been observed in highly concentrated solutions of 
organic species.
37, 38
 We tested the hypothesis that this decrease was due to an increase in 
solution viscosity (Figure D.2) which in turn affected the diffusion coefficient. The inset of 
Figure 6.5 shows the prediction of the limiting current for RAP 1 at the UME if the experimental 
limiting currents are corrected for the increase in viscosity using an analogue of Walden’s rule 
(similar plots can be obtained for other RAPs, Figure D.9). The observed linearity in this plot 
suggests that even at the most concentrated solutions, similar electrode processes to those 
observed in dilute 10 mM solutions apply, despite the possibility of multiple intermolecular and 
ion migration effects at high concentrations.
37, 38
 Likewise, it is noteworthy that the concentrated 
solutions remain highly electroactive and able to support a steady state current, both properties 
are highly desirable for NRFBs and that indicate a lack of observed solution decomposition and 
electrode fouling. On the other hand, the decrease in current might suggest that increasing the 
charge capacity and energy density of a solution by concentrating RAPs implies a trade-off in the 
power density if used in NRFBs.  
Another strategy to increase the charge capacity of RAPs 1-5 is to access the second 
reductive process. Preliminary experiments on RAP 1 showed that bulk electrolysis from the 2+ 
directly to the 0 states results in a recovery of only about 61 % of theoretical charge (Figure 
D.10). Our laboratories are currently investigating ways to improve this charge utilization. While 
Figure 6.5 evidences complex interactions between the rheological and electrochemical 
properties of RAPs in solution, in practical terms, an attainable volumetric energy density of up 
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to 14 Ah/L as well as their electrochemical and chemical reversibility makes them suitable 
candidates for NRFBs. 
6.5 Size-Based Selectivity of COTS Porous Separators  
 
Figure 6.6 a, Time-dependent transport of LiBF4, monomer, and RAPs 1-5 across Celgard 2325 





compared to monomer and RAPs 1-5.  
In the case of IEMs, the selectivity for ions is mainly due to their charge, whereas in 
porous separators the selectivity is based on size.
4, 39
 To study the size-based selectivity of COTS 
porous separators for charge balancing ions compared to RAPs, permeability of LiBF4, 
monomer, and RAPs across porous separators was determined from time dependent transport 
studies (Figure 6.6a, Figure D.11). Time dependent transport across Celgard 2325 (pore radius = 
14 nm) at 0.01 M was carried out using PermeGear Side-Bi-Side cell. The solution in the 
receiver cell was flowed through a cuvette and the absorbance at absorption maximum was 
recorded at regular intervals to determine the crossed over monomer and polymer 
concentrations.
4, 40
 Time dependent transport of LiBF4 was determined from its conductance 
(Figure D.12). The initial linear region of the time dependent transport curves was used to 
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calculate the permeability of RAPs (see supporting information for details) and is reported in 
Table 6.1. LiBF4 showed a steep increase in concentration with time, indicating its faster 





/s) is only 9 times higher than that of the small molecule monomer, it is ca. 70 
times higher than that of high MW RAPs (Figure 6.6b). For vanadium flow batteries, only 15 
times higher selectivity was observed for proton permeation compared to Vanadium with porous 
separators;
15
 the porous separators were modified with silica to increase the proton selectivity to 
50 times.
18
 Gratifyingly, for the high MW RAPs studied here, COTS porous separators show ca. 




) compared to RAPs. This 
observation clearly demonstrates the advantage of using RAPs, instead of small molecules, as 
charge storage materials for size-selective transport in porous separators. RAPs also showed 
negligible adsorption on to the COTS porous separators (Table D.7). 
 
Figure 6.7 Relative polymer size dependent polymer rejection across COTS porous separators 
for RAPs 1-5. 
We now turn to evaluate the impact of RAPs molecular weight on their transport 
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steric partition coefficient i.e., the ratio of macromolecule concentration inside the pore and bulk 
solution, is known to play a key role in both size-exclusion chromatography and ultrafiltration.
41-
48
 Steric partition coefficient depends on the relative macromolecular size as defined by the size 
ratio of the macromolecule relative to the pore size. Theoretical models for linear polymers 
predict a decrease in steric partition coefficient with increase in relative polymer size; only 20% 
of polymers can access the pore volume for a relative polymer size of 0.33 and polymers are 
completely size excluded from entering the pore for relative sizes >0.6 (Figure D.13).
41, 43
 Other 
factors such as hindrance to polymer diffusion inside the pores as well as the polymer shape and 
charge might also influence the polymer transport across porous separators.
48-51
 
Relative polymer size (rpoly/rpore) dependent RAPs rejection across COTS separators is 
shown in Figure 6.7 and Figure D.14. Polymer size (solvodynamic radius) was determined using 
Stokes-Einstein equation (Table D.6), and is shown in Table 6.1. Polymer size increased with 
increasing molecular weight up to 158 kDa and no significant change was observed with further 
increase in molecular weight. Relative polymer size of the RAPs increased up to 0.33 and 0.50 
for larger (Celgard 2400, 21.5 nm pore radius) and smaller (Celgard 2325, 14 nm pore radius) 
pore size membranes respectively. As can be seen from Figure 6.7, the percent polymer rejection 
is seen to increase with increasing rpoly/rpore. The percent polymer rejection increased rapidly until 
rpoly/rpore of 0.3 and then showed a gradual increase after that. The impact of relative polymer size 
on percent rejection is more apparent for 21 kDa (RAP 1) polymer. For larger pore radius 
membrane, RAP 1 showed only 46% rejection while for smaller pore radius membrane ca. 85% 
rejection is obtained. ca. 80% polymer rejection is observed for all the RAPs as rpoly/rpore 
approaches 0.3, which is in close accordance with the theoretically expected
41
 steric exclusion 
for linear polymers across porous separators. We believe that the loss of conformational freedom 
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for polymers inside the pores even for the relative polymer sizes smaller than the pore size is the 
main reason for the observed steric hindrance involved in the size-based separation of RAPs 
across COTS porous membranes. Among all the studied RAPs, the higher molecular weight 
polymer RAP 5 showed the highest percent polymer rejection (93%) across the smaller pore 
radius membrane. In the case of widely studied vanadium aqueous flow batteries with Nafion 
115 as the separator, there is 12% crossover of vanadium and the crossover increases depending 
on the cell operating conditions.
52, 53
 Polymer crossover of as low as 7% (93% rejection) is 
achieved with the RAPs studied here, which suggests that it is possible to realize high Coulombic 
efficiency using RAPs in conjunction with porous separators in flow batteries. 
6.6 Charge-Discharge Property of Proxy Non-Aqueous Flow Cell 
Given the low crossover observed for RAP 5, we tested preliminarily its charge/discharge 
performance in a proxy setup for a non-aqueous flow cell. This consisted of two stirred 
electrolyte compartments which sandwiched a Celgard 2325 separator. The open circuit voltage 
of the cell was 1.11 ± 0.05 V (three different cells) which was in good agreement with the 1.27 ± 
0.05 V predicted from the initial state of charge of the RAP 5 solution and a metal oxide 
auxiliary electrode. Electrolytic conductivity through the Celgard separator allowed the 
charge/discharge of this cell in LiBF4 electrolyte as shown in Figure 6.8 and 6.9, where stable 
operation over multiple cycles was observed at C/10 rate. The resulting curves displayed one 
monotonic and well-defined plateau on the first cycles, corresponding to the conversion of the 
viologen +/2+ redox pair, and stable operation in subsequent cycles. Furthermore, Figure D.15 
and Table D.9 show that the Celgard separator retained its mechanical integrity and that the low 
crossover observed in the diffusion cell studies was maintained during prolonged periods of 
operation even for mixed solutions of viologen +/2+. This preliminary evaluation highlights the 
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potential for using the size-selective strategy enabled by COTS and RAP electrolytes in a 
practical redox flow cell. 
 
Figure 6.8 First discharge-charge properties of 10 mM RAP 5 in proxy flow cell system with 
NMC as cathode and Celgard 2325 as separator. Discharge capacity 44.0 %, charge capacity 
44.2 %. 
 
Figure 6.9 Multicycle test of charge-discharge properties 10 mM RAP 5 in proxy flow cell 
system with NMC as cathode and Celgard 2325 as separator. The absolute charges (C) and 











































































(Figure 6.9 Continued) columbic efficiencies (%) of each individual segment are listed above, 
red for charging steps and black for discharging steps. 
Complete rejection of the polymers can be realized with RAPs that have higher rpoly/rpore 
values (>0.6). However, based on the electrochemical studies, it is shown that higher molecular 
weight polymers have low limiting current as shown in Figure 6.5. Thus, although high 
molecular weight RAPs offer higher rejection across the porous separators, there will be a trade-
off in electrochemical properties such as limiting current. Other macromolecular architectures 
such as star, branched, and cyclic polymers will be very interesting to vary the relative polymer 
size and obtain higher polymer rejection without adversely impeding their electrochemical 
properties.  
















































0.56 0.35 13.9 16.8 4.8±0.5 3.1±2.6 14.82±1.00 100 
21 4.1 1.22 1.36 45.9±0.4 84.6±0.9 3.95±0.50 96 
104 5.1 0.95 1.07 72.0±2.9 81.1±1.9 3.53±0.03 98 
158 7.2 0.67 0.87 80.9±0.7 86.3±2.7 1.76±0.20 94 
233 6.5 0.73 0.74 81.0±2.1 88.5±0.3 2.10±0.50 96 
318 7.1 0.66 0.73 86.3±0.5 92.8±0.7 2.06±0.30 96 
6.7 RAC Monolayer Fabrication 
The characterization of synthesized RACs can be found in previous published article, 
including elemental analysis, UV-Vis absorption, and ATR-IR.
24
 A prototype flow cell using 
RACs for redox active species revealed high reversibility with an average coulombic efficiency 
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 Electrochemical performance of the cell was 




Figure 6.10 Fabrication procedure of RACs monolayer. a, Automatically packed RAC 2 
monolayer film on carbon fiber electrode during NRFBs operation. b–f, Schematic diagram of 
model RAC monolayer film fabrication, including slow injecting of RACs solution along glass 
trough wall to allow RACs accumulate at water-air interface (b–d) and picking up stabilized 
monolayer film via Langmuir-Schaefer method (e–f). g, Microscopic image of RAC 1 
monolayer on water surface. 
During the flow cell operation, RACs tends to form a densely-packed monolayer film on 
the current collectors, as shown in Figure 6.10a. Thus understand the charge transport behavior 
on this RAC monolayer film would help us explore better flow cell operation conditions. In order 
to do so, we fabricated monolayer RACs on Au coated Si wafer as model substrate for systematic 
analysis. Three sizes of viologen RACs were produced and studied: RACs 1-3 of particle 
diameters 80 ± 11, 135 ± 12, and 827 ± 71 nm, respectively. We used a water-air interface 
method to fabricate RAC monolayers. As shown in Figure 6.10b–c, slowly injecting 3 mg/mL 
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RACs MeCN stock solution on top of a water surface leads to accumulating of RACs film at 
water-air interface. The recess RACs are unable to pack at this interface and sink into water bath 
(Figure 6.10d). After overnight equilibration, RACs stabilized and form a densely-packed film 
on water surface, which can be easily picked up with Au substrate via Langmuir-Schaefer 
method (Figure 6.10e–f). Figure 6.10g is the microscope image of a RAC film formed on water 
surface with a crack in the middle for better contrast, which indicate the homogeneous 
distribution of RAC monolayer. This method applied only to smaller RACs 1-2. RAC 3 used a 
similar method using Langmuir Trough to press and obtain the monolayer film.  
 
Figure 6.11 Top-view (left) and cross-sectional (right) SEM images of RAC 1 (a), RAC 2 (b), 
and RAC 3 (c) monolayers on Au substrates.  
The quality of RAC films were examined by SEM, as shown in Figure 6.11 for top-view 
and cross-sectional images of RAC 1-3 monolayer on Au substrates. All RACs form densely-
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packed monolayers with few small islands of 3-5 RAC particles on top (Figure 6.11 left). The 
cross-sectional images reveal the monolayer structure of RACs 1-3 on Au substrates, each layer 
(RAC, Au, Si) can be clearly identified (Figure 6.11 right).  
6.8 RAC Monolayer Reactivity 
 
Figure 6.12 Electrochemical properties of RAC 1-3 monolayers. a, Cyclic voltammograms at 20 
mV/s for each size RAC in 0.1 M LiBF4 in acetonitrile. b, Solvent dependent cyclic voltammetry 
for RAC 2 at 20 mV/s in 0.1 M LiBF4 (organic solvents) and 0.1 M KCl (water). Solvents tested 
were acetonitrile (ACN), N,N-dimethylformamide (DMF), propylene carbonate (PC), tetraglyme 
(TG). 
Well-ordered monolayers of RACs on Au allowed us to probe intra-particle charge 
transfer within their films using cyclic voltammetry (Figure 6.12a). Monolayer films allowed us 
to quickly probe the interactions of RACs with various organic solvents and water. CVs 
indicated marked differences in the charge accessibility as a function of solvent, as evidenced by 
the different peak heights in Figure 6.12b, despite similar initial RAC coverage and electrolyte 
concentration. We observed a correlation between peak height and the inverse of solvent 
viscosity. Viscosity strongly affects diffusion of the supporting electrolyte, suggesting that faster 
electrolyte transport into the RACs affects their electrochemical performance, although other 
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effects brought by the wettability towards different solvents might still contribute to the observed 
differences. Acetonitrile allowed the fastest access to charge into the film, thus comparisons of 
charge transfer among different RAC sizes are more suitable in this solvent. 
The concentration of viologen in RAC monolayers, assuming that their thickness was 
equal to the particle diameter, was estimated by integrating the charge under the curve of a slow 
(5 mV/s) voltammogram. This estimation yielded 1.0 and 1.1 M for RACs 1 and 2 respectively. 
This value is reasonable given that SEM and cross-sectional SEM analysis (Figure 6.11) 
indicated a similar packing density for all monolayers, and only small distortions in particle 
shape upon contact with the electrode. Furthermore, and despite the uncertainties due to swelling 
in electrolyte, these concentrations are close to the theoretically-estimated  2M based on the 




 and volume of the RAC particle.  
6.9 Materials and Methods 
Materials and Experimental Techniques. Poly(vinylbenzyl ethyl viologen) polymers 
(RAPs 1-5, Scheme 1) of five different molecular weights (Mn = 21, 104, 158, 233, and 318 
kDa) were synthesized starting from poly(vinylbenzyl chloride) (PVBC). Typical synthesis of 
RAPs involved heating a mixture of PVBC and ethyl viologen in dimethyl formamide, followed 
by anion exchange with ammonium hexafluorophosphate. The resultant polymers were isolated 
and purified via precipitation. Quantitative functionalization of poly(vinyl benzylchloride) with 
ethyl viologen was confirmed by 
1
H NMR, ATR-IR, UV-Vis absorption spectra and elemental 
analyses (see Supporting information). PVBC of MW = 5.3 kDa, 60 kDa, and 82 kDa were 
purchased from Polymer Source. The 27 kDa and 41 kDa PVBC polymers were synthesized 
using Reversible Addition-Fragmentation Chain-Transfer (RAFT) polymerization.
55
 The 
corresponding viologen monomer was also synthesized for comparison (Scheme 1).  
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RAPs 1-5 were characterized using 
1
H NMR, ATR-IR, and elemental analysis. The 
viscosities of the RAPs 1-5 were measured using parallel plate rheometry at different 
concentrations from 0.01 to 1.0 M in acetonitrile. UV-Vis absorption spectra were recorded in 
acetonitrile at different concentrations to determine the molar absorption coefficient of the 
polymers. For all the studies, polymer concentration is defined as moles of repeat unit per liter. 
Polymer transport measurements across porous COTS separators were carried out at 0.01 M 
using PermeGear Side-Bi-Side cell in which the separator was sandwiched between the donor 
cell (containing polymer solution) and receiver cell (containing acetonitrile).
4
 Both solutions 
were stirred for 24 h to allow the polymer to crossover into the receiver compartment. After 24 h, 
the concentration of RAP in the receiver cell was determined using UV-Vis absorption 
spectroscopy, and the percent polymer rejection was calculated (see supporting information for 
details). The diffusion of LiBF4 under similar conditions was determined from its conductance. 
Functionalized RACs (RACs 1-3) were prepared from crosslinked colloidal 
poly(vinylbenzyl chloride) (xPVBC) and respective pendants ethyl viologen (RACs 1-3). 
Functionalization involved heating xPVBC with the pendant monomer precursor in a mixture of 
dimethylformamide and tetrahydrofuran followed by purification via centrifugation. Three sizes 
of viologen RACs were produced and studied: RACs 1-3 of particle diameters 80 ± 11, 135 ± 12, 
and 827 ± 71 nm, respectively as confirmed by scanning electron microscopy (SEM) in the dry 
state from the average of 50 particles. Crosslinked xPVBC of varying diameters were 
synthesized by redox-initiated emulsion polymerization
56
 or dispersion polymerization
57
 
depending on the desired colloid diameter. 
Electrochemical methods. All electrochemical experiments were performed on a 
CHI920D potentiostat and inside of an Ar-filled drybox with stringent control of O2 and 
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moisture levels. All chemical reagents, except for synthesized RAPs, were purchased from 
Sigma-Aldrich from the highest available purity and used as received. Unless specified, all 
voltammetric and bulk electrolysis experiments were carried out using a standard three electrode 
configuration with either a large-area Pt mesh (bulk electrolysis), 12.5 µm radius Pt ultra-micro 
electrode (UME), or 1.15 mm radius Pt disk electrode (transient voltammetry) as the working 
electrode, a non-aqueous Ag/Ag
+
 reference electrode (CHI112, 0.1 M AgNO3 in acetonitrile 
solution) and a graphite rod as counter electrode. Most experiments were carried out in a 3-
chamber electrochemical cell with 1.6 μm glass frits. The transient voltammetry of viologen 
polymers was tested with a 10 mM effective concentration of repeating units for all RAPs 1-5 in 
0.1 M LiBF4 in acetonitrile as supporting electrolyte and using a 1.15 mm Pt disk as working 
electrode. Multiple scan cycles were performed until an adsorbed film of the RAP was deposited 
and stable. After rinsing several times with acetonitrile, Pt disk electrodes were immersed into 
blank 0.1 M LiBF4 in acetonitrile electrolyte to test RAP adsorption at different scan rates. 
RAC monolayers for transient voltammetry were prepared by water-air interface methods 
onto Au substrates fabricated by e-beam evaporation on Si/SiO2 substrates (see Supporting 
Information). Prepared monolayer substrates were then used as working electrodes for transient 
voltammetry. Circular area (3 mm radius) of the substrate was exposed to supporting electrolyte 
(0.1 M LiBF4) on a home-made substrate holder. 
RACs monolayer fabrication. 3 mg/mL solutions of RACs 1-3 in acetonitrile were 
prepared and dispersed by sonication for 15 minutes before use as a stock solution. The smooth 
Au substrates were fabricated via E-beam evaporation with 5 nm Ti adhesion layer and 50 nm Au 
on Si wafer at a slow evaporation rate of 0.1 - 0.2 Å/s. Water-air interface method was applied to 
fabricate monolayer films of 80 nm and 135 nm VioRACs, as shown in Figure 6.10 b–f. A glass 
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trough (22 mm diameter) was cleaned with Nochromix and blow-dried with Ar. 40 µL of stock 
solution was slowly injected along glass side wall and spread on the surface of deionized water. 
A microscope slide was used to cover the trough and let film equilibrate overnight. The self-
assembled RACs film floated onto the deionized water surface. Langmuir-Schaefer method was 
applied to transfer monolayer film to Au substrate. Water-air interface method did not 
successfully translate to the larger RAC 3 since it always forms low density film. Langmuir-
Blodgett (LB) Film Trough (NIMA 311D) was used to apply constant pressure to condense RAC 
3 film. 1 mL stock solution was slowly spread on the surface of deionized water inside 
compressing barrier. By slowly approaching the barrier of LB trough and holding constant 
pressure at 55 mN/m, the RAC 3 monolayer film was formed on water surface. Langmuir-
Schaefer methods was applied to transfer monolayer film to Au substrate. 
6.10 Conclusion 





across COTS porous separators is attainable by controlling the size of the charge storage 
material. Viologen-based redox active polymers RAP 1-5 of molecular weight between 21-318 
kDa were synthesized to vary the size of the charge storage materi-al. The molecular weight 
dependent RAPs electrochemical properties and transport across porous separators were studied. 
Although transient voltammetry showed the presence of multilayer RAP adsorption on Pt 
electrodes from low concentration solutions of RAPs 1-5 (10 mM), ultra-microelectrode 
voltammetry revealed facile electron transfer with E1/2 ~ -0.7 V vs. Ag/Ag
+
 for the viologen 
2+/+ reduction at concentrations as high as 1.0 M in acetonitrile. Controlled potential bulk 
electrolysis indicates that 94-99% of the nominal charge on different RAPs is accessible and the 
electrolysis products are stable upon cycling. While at high concentration the limiting current of 
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RAPs in solution is decreased due to a concurrent increase in solution viscosity, RAPs 1-5 
preserve most of the desirable electrochemical properties of the originating viologen-based 
monomer such as high solubility, similar redox potential, and their electrochemical and chemical 





 transport across COTS porous separators increased significantly 
by changing the charge storage material from small molecule monomer (9 times) to redox active 
polymers (ca. 70 times). The percent polymer rejection across the COTS separator increased with 
increase in RAP molecular weight, as well as reduction in pore size. Polymer crossover of as low 
as 7% (93% rejection) was achieved with the RAPs studied here.  
As for advanced 3D RACs architecture, we successfully fabricated model monolayer 
RAC films on Au substrate. Those monolayers have shown solvent sensitive charge accessibility, 
which arise from the differential supporting electrolyte diffusion in different solvent viscosities. 
All RACs yielded a high load of active pendent of more than 1 M concentration with particles. 
Our systematic studies show a complex relationship between polymer molecular weight 
and electrochemical, rheological and transport properties. Nonetheless, they establish the 
feasibility of the size-selective separator approach aided by redox active polymers to explore 
new prospects in NRFBs. We preliminarily showed that this combination of elements can lead to 
an operating cell with adequate performance and substantially decreased redox active component 
crossover. We are currently exploring other highly soluble redox active components as well as 
other macromolecular architectures such as star, branched, and cyclic polymers that will be of 
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SUPPLEMENTARY INFORMATION OF CHAPTER 3 
 
Figure A.1 FeOEP adsorption behavior on various substrates. Small amounts of 1 mM FeOEP 
solution were spiked into blank solution. Ferrocene was used as an internal standard. In the CV 
of FeOEP on graphene (top trace, black), the peaks around 0 V correspond to ferrocene, the peak 




(Figure A.1 Continued) reduction of FeOEP in solution, the peak at -0.70 V is the oxidation of 
surface-confined FeOEP, and the peak around -0.40 V can be attributed to the oxidation of 
FeOEP in solution. The other CV traces exhibit peaks at similar potentials for each species. The 
1 mL 0.1 M LiBF4 acetonitrile blank solution was spiked with 8, 4, 8, 16, 16, 10 µL of 1 mM 






Figure A.2 CVs of ORR at the various electrode combinations used in Figure 3.8d in the main 
text. All data were collected with a scan rate of 0.1 V s
-1
 in solution consisting of 10 mM H2SO4 






Figure A.3 Electronic structure and electronic properties (band structures and density of states 






SUPPLEMENTARY INFORMATION OF CHAPTER 4 
 
Figure B.1 Cyclic voltammograms of unpatterned carbon samples. a, Bilayer graphene, insert 
Figure is smaller scale scan after 3 cycles to verify no existence of intercalation peak. b, Four 
layer graphene. c, HOPG. Test condition: 0.1 M LiBF4 in 50:50 ratio PC/EC, electrode area was 
4.9 mm
2




B.1 Calculation of De-intercalation Charge and Theoretical Charge for FLG 
 
Figure B.2 Integration baselines of de-intercalation charge for 4LG (a) and 6LG (b). c, crystal 
structure of LiC6 – stage 1. Example unit cell for intercalated Li is highlighted with dash lines. 
Cell constant are labelled in Figure. d, Photolithography mask design for etched window for Li 
ion intercalation. 
As discussed in the main text, there are two de-intercalation peaks for 4LG and three for 6LG. 
The integrating baseline for each peak are indicated in Figure B.2a and B.2b. The integrated 
charges for each peak are listed as follows: 
4LG Peak 1: 3.28 µC  Peak 2: 8.93 µC  Total charge: 12.2 µC 




According to Figure B2.c, one unit cell contains one Li ion, with a size of 0.1574 nm
2
. 
Exposed electrode area for FLG samples are 0.048 cm
2
. 
Consider about the etched openings (Figure B2.d), 1/64 of graphene area has been removed by 








 = 3.002 × 10
13
 atoms. 




 atoms/mol) * 
96485 C/mol = 4.81 µC. 
For 4LG, there are at most three layers Li insertion with graphene sheets, then the theoretical 
intercalation charge is: 4.81 × 3 = 14.43 µC. Similarly, the theoretical charge for 6LG is : 4.81 × 
5 = 24.05 µC. 
Compare with experimental data calculated from de-intercalation charge, Li ion filled up to 85 % 





Figure B.3 SECM feedback images of N,N,N’,N’-tetramethyl p-phenylenediamine (TMPD) 
after SEI fully formation. Substrate potential: 2.6 V. This image was taken after Figure 4.4 d, e 
and f in main text. The image has no obvious contrast between graphene and etched ionic 






SUPPLEMENTARY INFORMATION OF CHAPTER 5 
 
Figure C.1 Cyclic voltammograms of K plating and Li ion intercalation. a, Pristine MLG sample 
was first exposed to 0.1 M KPF6 PC-EC solution, no intercalation signals were observed. b, 
Replace solution to 0.1 M LiBF4 PC-EC solution, Li ion intercalation peaks were observed. All 




Figure C.2 Cyclic voltammograms of Li and K ion intercalation on MLG with pre-conditioned 




(Figure C.2 Continued) response in KPF6 solution after thorough rinsing. Blue trace is tested in 
LiBF4 solution again after K ion intercalation (red trace). All solutions are 0.1 M Li or K salt in 





Figure C.3 Hg Disc-Well Probe Fabrication Process. Electrochemical etching with sonication 
produces an evenly etched surface. Electrodeposition of Hg is terminated after over-filling the 
etched cavity. After leveling, the Hg disc-well is evenly filled and has a flat, mirror-like surface. 
The Hg disc-well shown here has a1 = 12.5 µm, RG = 2.5, H1 = 0, and H2 = 1.1. 
 
 
















































Figure C.5 Overview of Region of Interest. a, Photomicrograph of the region of interest. b,  
SECM image with positive feedback from TMPD regeneration at the substrate. The SECM probe 
is the same Hg disc-well UME used in the main text. The hole at [X, Y] = [240 µm, 200 µm] is 




C.1 Stripping-Based Approach to HOPG 
After switching to a 1 mM KPF6 solution in PC-EC, the Hg disc-well UME was re-
approached to the origin in Figure 5.6 by recording stripping CVs between Z motor increments 
(Figure C.6) with the HOPG left unbiased at its open circuit potential. Because ions are regularly 
stripped from the Hg probe, this method of approaching a surface avoids the risk of damaging 
the Hg probe by saturation of the amalgam phase. The amalgamation current (iamal), peak 
stripping current (istrip), and stripping charge (Qstrip) were each extracted from the CV-PAS 
dataset to give three CV-PACs.
1
 Of these, Qstrip exhibited the least noise, which is consistent with 
the general insensitivity of integrated values to temporal fluctuations in a source signal. The 
negative feedback stripping charge CV-PAC was fit with an analytical model derived from 
COMSOL finite-element simulations
2
 to obtain the final approach distance of L = 1.28 ± 0.02 
(χred
2
 = 4.0401  10
-5
). Though smaller gaps are possible, wrinkles in the HOPG surface (Figure 
5.4a) warranted caution to avoid mechanical damage to either the probe or the substrate. The 
final approach distance is consistent with the normalized timescale (Tamal = Dox*ΔE/(ν*a1
2
) of 
1.9  ± 0.2, for which the average Nernstian diffusion layer thickness (δN) is 7.7 ± 0.1 µm.
3
 This 
timescale ensures that the depletion volume expanding from the SECM probe during 
amalgamation propagates far enough into solution to overlap with ionic gradients emanating 
from the substrate. The overlap between the probe and substrate diffusion fields is the source of 
informational probe signal perturbations. Negative feedback was observed for all three signals 
due to the increasingly hindered diffusion field with decreasing tip-substrate gap. The 
observation of positive feedback from TMPD redox signals and negative feedback from K(Hg) 
amalgamation and stripping signals demonstrates one of the key benefits of Hg disc-well SECM 




positioning over any substrate regardless of the substrate’s electrical conductivity.
1
 Furthermore, 
since stripping signals afford potential-based ionic specificity, Hg-based CV-SECM signals may 
provide accurate measurements even in concentrated solutions that are traditionally challenging 









 ⇄ K(Hg) ending 
with L = 1.28 ± 0.02 at [X, Y] = [0 µm, 0 µm] in Figure 5.6b. b, Extracted CV-PACs and fits 
based on COMSOL simulations. Key simulation conditions include: a1 = 12.5 µm, RG = 2.5, H1 
= 0, H2 = 1.1, Cox* = 1 mol m
-3













= 0.295 V, ν = 0.2 V s
-1
, α = 0.5, and k
o
 = 1  10
-2








Figure C.7 Exponential Fits of Hg Disc-Well Amalgamation Currents. These are fits of the data 
presented in Figure 5.7c in the main text. 




















Equation y = y0 + A*exp(R0*x)
Red. Chi 2̂ 1.62131E-20 2.12731E-20 2.26322E-21 2.13782E-21





















 Competition at a Longer Timescale. a, Select Hg disc-well CVs taken with 
increasing substrate activation towards K
+
 intercalation. ν = 0.1 V s
-1
, Tamal = 5.6 ± 0.6. b, Select 
Hg disc-well CVs taken with decreasing substrate activation, giving way to K
+
 deintercalation. c, 




(Figure C.8 Continued) signal at the substrate at various activation potentials. The probe, 
solution, substrate, probe positions, and substrate potentials are identical to those used in Figure 
C.6. Though the probe voltammetry benefits from the lengthened timescale, non-specific 
decreases in K
+
 uptake by HOPG mask information regarding spatial differences in ionic uptake. 
In other words, the probe is correctly tracking the local changes in K
+
 concentration, but the 
overall passivation of HOPG dominates the signals and masks the smaller differences of interest. 
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SUPPLEMENTARY INFORMATION OF CHAPTER 6 
D.1 General Information 
All air or moisture-sensitive manipulations were performed under nitrogen atmosphere 
using standard schlenk techniques. All glassware was oven-dried prior to use. Unless otherwise 
stated, all starting materials and reagents were purchased from Sigma-Aldrich or Matrix 
Scientific and used without further purification. Poly(vinylbenzyl chloride) (over 90% are 4 
substituted) of different molecular weights (5.3, 60, and 82 kDa) were purchased from Polymer 
Source. Poly(vinylbenzyl chloride)  of molecular weights 27 and 41 kDa were synthesized using 
Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerization. Dimethyl 
formamide (DMF) was obtained from a Solvent Delivery System (SDS) equipped with activated 




C NMR spectra were recorded on Varian Unity 
500, and VXR 500 spectrometers. Chemical shifts are reported in δ (ppm) relative to the residual 
solvent peak ((CD3)2SO: 2.50, (CD3)2CO: 2.05 for 
1
H; (CD3)2CO: 29.84 for 
13
C). Coupling 
constants (J) are expressed in hertz (Hz). Splitting patterns are designated as s(singlet), 
d(doublet), t(triplet), dd(doublet of doublets), m(multiplet), and q(quartet). Low and high 
resolution EI mass spectra were recorded on a Micromass 70-VSE spectrometer. Infrared spectra 
(percent transmittance) were acquired on a Nicolet Nexus 670 FT-IR spectrometer with an ATR-
IR attachment. UV-Vis absorption spectra were recorded on Perkin Elmer and Shimadzu 
instruments. Dynamic light scattering was recorded on NICOMP zetasizer. Elemental analyses 
were performed on the following instruments: CHN analysis - Exeter Analytical CE 440 and 
Perkin Elmer 2440, Series II; ICP analysis - ICP-MS and ICP-OES; Halide analysis - Titration & 
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ISE. Analytical gel permeation chromatography (GPC) analyses were performed on a system 
composed of a Waters 515 HPLC pump, a Thermoseparations Trace series AS100 autosampler, 
a series of three Waters HR Styragel columns (7.8’ 300 mm, HR3, HR4, and HR5), and a 
Viscotek TDA Model 300 triple detector array, in HPLC grade THF (flow rate = 1.0 mL/min) at 
30°C. The GPC was calibrated using a series of monodisperse polystyrene standards. Viscosity 
was measured on a TA Instrument AR-G2 rheometer. Flow cell UV-Vis experiments were 
performed using Masterflex L/S Digital Economy Drive Model 7524-40 pump and a Masterflex 
EW-77390-0 PTFE-Tubing Pump Head with spectroscopy grade acetonitrile (flow rate = 1.0 
mL/min)Conductance of LiBF4 was measured on YSI Model 35 Conductance Meter with BASi 
MW-4130 platinum wire auxiliary electrodes.  
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D.2 Synthesis of Monomer and Polymers 
 





H NMR ((CD3)2SO): δ 9.24 (d, J = 10 Hz, 2H), 8.87 (dd, J = 5 Hz, 2H), 8.63 (d, J = 
10 Hz, 2H), 8.02 (dd, J = 5 Hz,  2H), 4.65 (q, J = 5 Hz, 2H), 1.58 (t, J = 7.5 Hz, 3H).  HRMS 
(EI+) calculated for C12H13F6N2P (M)
+
 330.07, C12H13N2 (M-PF6)
+





Redox active polymers (RAPs 1-5): Dry DMF (15 mL) was added to a flask containing 
PVBC (500 mg, 3.27 mmol) and 1 (5.4 g, 16.38 mmol) under nitrogen. Reaction mixture was 
stirred at 90 
o
C for 6 days.
2
 Concentrated solution of ammonium hexafluoro phosphate (5 g) 
solution was prepared in water and added to the above reaction mixture. The resultant solution 
was stirred at room temperature for 12 h and precipitated in methanol. Collected polymer was 
redissolved in acetonitrile and reprecipitated in diethyl ether. Polymers were dried under high 
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vacuum for 24 h. 
1
H NMR were recorded in (CD3)2CO. See sections 3.0, 4.0, and 8.0 for 
complete characterization of polymers (
1
H NMR, ATR-IR, and elemental analyses).  
 
Benzyl-ethyl viologen dihexafluorophosphate (2): Dry DMF (8 mL) was added to a 
flask containing benzyl chloride (1.10 g, 8.76 mmol) and 1 (2.0 g, 6.06 mmol) under nitrogen. 
The reaction mixture was stirred at room temperature for 12 h. The solution changed from 
transparent red to cloudy red. Concentrated solution of ammonium hexafluoro phosphate (1.98 g) 
was prepared in water and added to the above reaction mixture. The resultant solution was stirred 
at room temperature for 4 h. The precipitated product was filtered and dried under high vacuum 
for 24 h to yield  the product as a pale yellow powder (2.89 g 84.3%). 
1
H NMR ((CD3)2CO): δ 
J = 5 Hz, 2H), 9.45 (d, J = 5 Hz, 2H), 8.84 (m, 4H), 7.69 (m, 2H), 7.52 (m, 3H), 
6.19 (s, 2H), 5.01 (q, J = 5 Hz, 2H), 1.8 (t, J = 7.5 Hz, 3H).  HRMS (ES+) calculated for 
C19H20F12N2P2 (M)
+
 566.09, C19H20F6N2P (M-PF6)
+





D.3 Redox Active Polymer Characterization 
D.3.1 Solubility Limit of RAPs 
Table D.1 Solubility limits of RAPs in acetonitrile.  
 
D.3.2 ATR-IR Spectra 
 















D.3.3 Elemental Analyses 
Table D.2 Elemental (C, H, N, P, F, Cl) analysis of RAPs.  
 Element C H N F P Cl 
21 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental 
(%) 
44.34 3.62 4.58 43.19 9.94 0.15 
Difference 1.76 -0.12 -0.15 4.70 -0.52 0.15 
104 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental 
(%) 
42.23 3.37 4.61 32.09 10.77 0.26 
Difference -0.35 -0.37 -0.12 -6.40 0.31 0.26 
158 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental 
(%) 
42.50 3.57 4.68 29.49 10.49 0.30 
Difference -0.08 -0.17 -0.05 -9.00 0.03 0.30 
233 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental 
(%) 
43.00 3.60 4.59 29.26 10.50 0.27 
Difference 0.42 -0.14 -0.14 -9.23 0.04 0.27 
318 kDa 
Theoretical (%) 42.58 3.74 4.73 38.49 10.46 0.00 
Experimental 
(%) 
42.45 3.52 4.56 28.21 10.50 0.31 




D.4 Redox Active Polymer Physical Properties 
D.4.1 Viscosity 
 
Figure D.2 Viscosity of polymers at different concentrations. 































D.4.2 Molar Extinction Coefficient 
 
 
Figure D.3 Absorbance vs. concentration plots to determine molar extinction coefficient of 
monomer and RAPs 1-5. 
























































































































































Table D.4 Molar extinction coefficients of monomer and RAPs in acetonitrile.  
 
D.4.3 UV-Vis Absorption Spectra 
 
Figure D.4 Absorbance spectra of monomer and RAPs 1-5 at 1.63×10
-4
















D.5 Electrochemical Characterization of RAPs 1-5 
D.5.1 Electrochemical Property of Viologen Monomer 
 
Figure D.5 Electrochemical properties of viologen monomer. Solution: 6 mL 10 mM monomer 
in 0.1 M LiBF4 acetonitrile supporting electrolyte. (a) Complete cyclic voltammograms at 0.04 
cm
2
 Pt disk electrode (ν= 100 mV/s). (b) Diffusion limited steady-state current change of 
monomer at high concentration regime. (c) Steady state voltammograms of monomer at 12.5 µm 
Pt tip (ν= 10 mV/s). Upper part 2+/+ and lower part +/2+. (d) Four cycles potential controlled 










































































































































(Figure D.5 Continued) bulk electrolysis of first reduction state. (e) Steady state voltammograms 
of monomer at 12.5 µm Pt tip (ν= 10 mV/s). Upper part: 2+/0 and lower part 0/2+. (f) Five bulk 
electrolysis cycle of second reduction state.  
D.5.2 Adsorption Properties of RAPs 1-5 
 
Figure D.6 Adsorption Properties of RAPs 1-5. (a) Peak current – scan rate relationship of 21 
kDa RAP. Second reduction peak current of 21 kDa (Figure 6.2b) were extracted, plotted with 
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Cycle 8 & 9
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(Figure D.6 Continued) scan rate, and fitted with linear relationship. Black: anodic peak current, 
red: cathodic peak current. (b) Adsorption peak evolution of 21 kDa RAP with cycling number. 
The first several cycles CVs of 10 mM 21 kDa in 0.1 M LiBF4 acetonitrile supporting electrolyte. 
Peak current increase quickly at first 2 cycle, and saturate after 9 cycles (cycle 8 & 9 overlap). 
(c-f) CVs of adsorbed RAPs on 0.04 cm
2
 Pt disk electrode at different scan rate. (c) 104 kDa, 
(d)158 kDa, (e) 233 kDa, (f) 318 kDa. 
D.5.3 Diffusion Coefficient – Molecular weight Relationship 
 
Figure D.7 Original viologen polymer diffusion coefficient vs. molecular weight relationship. 
This Figure show a good linear relationship between ratio of the diffusion coefficient of polymer 
to monomer: (Dp/Dm) to 0.55 power of the ratio of molecular weight of monomer and polymer 
(Mm/Mp)
0.55
. Fitting result is shown in above equation. Polymer region is shown in the inset 
Figure. 






























D.6 Charge Storage in RAPs 
D.6.1 Time Dependent Change of Viologen Polymer Radicals 
 
Figure D.8 Time dependent change of viologen monomer/polymer radicals. Steady state 
voltammograms were obtained approximately every 10 min after the first reduced state BE until 













































































































 1 h 10 min
 1 h 30 min
 2 h
 2 h 30 min































































(Figure D.8 Continued) it is stabilized and saturated. Several curves are selected to show as 
examples. (a) monomer, (b) 21kDa, (c) 104 kDa, (d) 158 kDa, (e) 233 kDa, (f) 318 kDa. 
D.6.2 Viscosity Corrected Limiting Current for RAPs 1-5  
 
Figure D.9 Expected limiting current for RAPs 3 (left) and 5 (right) if data in Figure 6.5 in the 
main text were corrected for solution viscosity (Figure S1).   



















































D.6.3 Bulk Electrolysis 
 
Figure D.10 Bulk electrolysis result of RAP 1 (21 kDa). (a) Charge – time relationship of BE 
first reduction state, which obtained 96% of nominal charge. (b) Log(current) – time relationship 
of BE first reduction state. (c) Charge – time relationship of BE directly to second reduction state. 
(b) Log(current) – time relationship of BE directly to second reduction state, which obtained 61% 
of nominal charge. a&b: 6 mL 10 mM RAP 1 in 0.1 M LiBF4 acetonitrile supporting electrolyte. 
c&d: 15.51 mg RAP 1 in 3 mL 0.1 M LiBF4 acetonitrile supporting electrolyte.  

























































































Table D.5 Bulk Electrolysis Cycling Properties of 21 kDa RAP. The detailed cycling data of 
Figure 6.4 is listed in this Table, including the total amount of charge transferred at each bulk 
electrolysis half cycle (reduction/oxidation), percent of charge transferred compare with 
























1 5.60 97 5.46 94 97 
2 5.55 96 5.44 94 98 
3 5.50 95 5.41 94 99 
4 5.45 94 5.38 93 99 
5 5.42 94 5.35 92 99 
6 5.38 93 5.32 92 99 
7 5.35 92 5.29 91 99 
8 5.32 92 5.25 91 99 
9 5.28 91 5.20 90 98 
10 5.25 91 5.16 89 98 










D.7 Hindered RAP Transport Across COTS Separators 
D.7.1 Time Dependent Polymer Transport across Celgard 2325 Separator. 
 
Figure D.11 a) time dependent polymer transport across Celgard 2325 at 0.01M in acetonitrile; b) 
linear region of the time dependent polymer transport. 
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D.7.2 Time Dependent LiBF4 Diffusion across Celgard 2325 Separator 
 




 transport across Celgard 2325 at 0.01M in acetonitrile; b) 






















































Figure D.13 Theoretically Predicted Steric Partition Coefficient (Ksphere) for Linear Polymers as 
a Function of Relative Polymer Size (R= rpoly= polymer Solvodynamic radius; a= rpore= separator 
pore radius). 
D.7.4 RAP Molecular Weight Dependent Rejection Across COTS Separators 
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21.5 nm pore radius 
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D.7.5 Equations to Calculate Polymer Rejection and Permeability
4
 
Percent Rejection across membrane (%) = [1- (2Cf /Ci )] × 100 
Cf = concentration in the receiver compartment after 24 hours; Ci = initial concentration in the 
donor compartment 
Permeability = VB × L × (dCB /dt) / (A×(CA –CB (t))) 
P = Permeability; dCB(t)/dt = Slope from the linear region of concentration vs. time plot; CA = 
initial concentration in donor compartment; VB = solution volume in the receiver compartment; 
A = Area of orifice; L = Thickness of Celgard 2325 separator; CB (t) = time dependent polymer 
concentration in the receiver compartment 
D.7.6 RAPs Solvodynamic Radius 
Table D.6 Data used in the calculation of the solvodynamic radius for RAPs 1-5. 
 





















size * 0.35) 
nm 
0.56 13.9 0.009311 1 0.35 
21 1.22 0.009060 12 4.1 
104 0.95 0.009426 14 5.1 
158 0.67 0.009451 20 7.2 
233 0.73 0.009532 19 6.5 
318 0.66 0.009636 20 7.1 
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D.7.7 RAPs Adsorption onto Membrane 
Two types of experiments were carried out to test the adsorption of RAPs on to the membrane. In 
the first experiment, the membrane used for the transport measurements was rinsed with 
acetonitrile and soaked in acetonitrile for 6 hours to dissolve any polymer adsorbed on to the 
membrane into the solution. The absorption spectrum of the resultant solution was recorded to 
determine the amount of polymer adsorbed on to the membrane. Negligible amount of polymer 
adsorption (~0.05%) is observed even for the highest molecular weight RAP and the adsorption 
is even low (<0.02%) for the monomer and the lowest molecular weight RAP. In the second 
experiment, the membrane was soaked in 0.01M, the concentration at which the transport 
measurements was carried out, polymer solution for 24h. Percent polymer adsorption was 
determined by recording the UV-Vis absorption spectrum of the solution before and after 
soaking the membrane. Negligible amount of polymer adsorption is observed, which 
corroborates well with the results from the first experiment. 


























19.2 0.0015 0.0080 0.0079 
21 20.1 0.0027 0.013 0.0138 
318 20.1 0.0084 0.042 0.0428 
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D.8 Charge/Discharge Behavior in a Proxy Non-Aqueous Redox Flow Cell 
Electrochemical cell:  We used a home-built two-chamber Teflon cell where the Celgard 
separator was sandwiched between the two electrolyte receptacles and making a tight seal using 
o-rings. The solution containers were stirred using similar settings to those used in the bulk 
electrolysis experiments, Figure 6.4 in the main manuscript. The electrolyte used in these 
experiments was 0.25 M LiBF4 in acetonitrile. The first chamber contained 10 mM RAP and 
used an immersed Pt mesh electrode as the working electrode. The auxiliary electrode 
compartment used a commercial LiNi0.33Mn0.33Co0.33O2 electrode (NMC) from Sigma-Aldrich. 
This electrode is supported on an Al current collector. Both the RAP solution and the NMC 
electrode were charged in separate experiments previous to use in the electrochemical cell: the 
RAP solution was electrolyzed following the procedure of Figure 6.4 and the NMC electrode 
was charged to a capacity at least two times that of the nominal RAP charge but within stable 
limits for the metal oxide. Experiments were performed in galvanostatic mode. We 
experimentally determined that a C rate of 1/10 was adequate for this system. For the ~7.7 C of 
species used in the RAP compartment, this corresponded to 0.2 mA of current passed. The cell 
was not charge/discharged to completion, in order to avoid unwanted reactions, however, a 
charge capacity of 44% was observed under these conditions.  
Results: All experiments were conducted in Ar-filled drybox with low traces of water and 
oxygen. The open circuit voltage of the cell approximated very well the predicted value 
calculated based on the state of charge of each individual electrode/compartment as shown in 
Table D.8.  
Figure D.15 shows that the cell showed stable charge and discharge with a single plateau 
during the first cycle. Because the voltage limits were constrained to a narrow range in order to 
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prevent the second viologen reduction process or decomposition of the cathode, we observed 
approximately a ~45% Coulombic efficiency for this system. Upon multiple cycles, a stable 
profile was obtained, as shown in Figure D.16, however a decrease in the absolute charge passed 
on the system was observed.  Electrolyte samples from each compartment were obtained after 
the end of each run, typically after operating for more than 18 h. These samples were analyzed 
through UV-Vis (Table D.4) to compare the crossover of RAP. Visually, Figure D.17 shows that 
the RAP compartment displayed a vivid color due to the presence of viologen species, but the 
auxiliary electrode compartment showed a much lower viologen concentration. Table D.9 shows 
the ratio of viologen concentration in the RAP compartment to that of the auxiliary electrode 
compartment for selected RAP 5 and RAP 1 experiments. These numbers are in good agreement 
with the trends observed in the diffusion cell experiments shown in the main text, Figure 6.7. 
Figure D.17 also shows that the Celgard separator showed excellent mechanical stability in the 
used setup and after hours of continuous stirred operation. As a simple confirmation of the data 
shown in Table D.7, few RAP residues where observed to remain on the membrane.   
Table D.8 Summary of open circuit potentials (OCP) changes in charged NMC cathode 
(LiNi0.33Mn0.33Co0.33O2), anolyte (RAP 5), and combined flow cell system in 0.25 M LiBF4. 
Average OCP in flow cell was 1.11±0.05 V. Predicted OCP based on summation of cathode and 











circuit voltage in 
flow cell / V 
0.54 -0.78      1.32  
 
1.17 
0.43 -0.81        1.24 1.07 





Figure D.15 Electrolytes and membrane after prolonged redox flow cell operation. Right: RAP 
compartment solution (on the left) and NMC compartment solution (on the right) evidence that 
crossover was limited between these two compartments. Left: Celgard separator shows 
mechanical stability during setup and prolonged use, as well as little evidence of RAP adsorption.  
 
Table D.9 RAP cross-over ratios after operation of flow cell during at least 18 h. Representative 
results for RAP 1 and RAP 5. 
Sample RAPs concentration ratio of  
anode side over cathode side 
RAPs Crossover (%) 
RAP 1 5.7 15 
RAP 5 – test 1 30.4 3 
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